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REMARKS/ARGUMENTS 

Reconsideration of this application is requested. Claims 1-3, 6-1 1 and 13-15 are 
in the case. 

I. ELECTION/RESTRICTIONS 

The election of Group II is hereby affirmed. Claims 4 and 5 have been cancelled 
without prejudice to pursuing that subject matter in a separate divisional application. 

II. THE 35 U.S.C. §112. SECOND PARAGRAPH, REJECTION 

Claims 1-3 and 8-15 stand rejected under 35 U.S.C. §112, second paragraph, as 
allegedly indefinite for the reasons detailed on page 3 of the Action. That rejection is 
respectfully traversed. 

In response, and without conceding to the merit of the rejection, claim 1 has been 
amended to specify that when the amino groups Y 1 and Y 2 are tertiary amino, they are 
selected from -1-piperazinyl and 4-alkyl-1 -piperazinyl. Basis for this amendment 
appears on page 4, lines 15-16 of the originally filed application. No new matter is 
entered. 

In addition, claim 1 has been amended to incorporate the dosage range of 
between 400mg/day and 700mg/day. Basis appears in original claim 12 which has 
been cancelled without prejudice. 

Withdrawal of the outstanding 35 U.S.C. §112, second paragraph, rejection is 
now believed to be in order. Such action is respectfully requested. 
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III. THE ANTICIPATION REJECTIONS 

Claims 1-3, 6-9, 1 1, 12 and 15 stand rejected under 35 U.S.C. §1 02(b) as 
allegedly anticipated by Lunardi era/. (Neurology, Vol. 48 (6), 1997, pages 1714-1717, 
PTO-892). Claims 1-3, 6-9, 11-13 stand rejected under 35 U.S.C. §1 02(b) as allegedly 
anticipated by WO 00/61231 to Bountra etal. Those rejections are respectfully 
traversed. 

The invention as claimed in claim 1 is directed to a method of treating a patient in 
need of therapy for multiple sclerosis. The method comprises administering to that 
patient a therapeutically effective dose between 400mg/day and 700mg/day of a 
compound of formula I wherein R 1 , R 2 , R 3 , R 4 and R 5 are independently selected from 
the group consisting of hydrogen, trihaloalkyl and halo substituents; X 1 , X 2 and X 3 are 
independently selected from the group consisting of CH, CCH 2 F, CCF 3 , CO alkyl and 
CCH 3 , and nitrogen atoms, with at two of X 1 , X 2 and X 3 being nitrogen, alkyl being 
preferably ethyl, ethyl or propyl; and Y 1 and Y 2 are independently selected from the 
group consisting of hydrogen and primary, secondary and tertiary amino groups wherein 
the tertiary amino groups are selected from -1-piperazinyl and 4-alkyl-1-piperazinyl. 

Lunardi specifies a maximum dose of 400 mg/day (see abstract and Table on 
page 1715). None of the patients with multiple sclerosis were given this dose (see page 
1715, column 1, lines 1 to 5 where these patients are identified as numbered 16 to 20 in 
the table). The maximum dose given to multiple sclerosis patients was 125mg/day. 
Thus, Lunardi does not constitute an anticipatory disclosure, inherently or otherwise of 
the presently claimed treatment. Withdrawal of the anticipation rejection is respectfully 
requested. 
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Bountra likewise contains no disclosure of the invention as claimed. Bountra 
proposes that sodium channel antagonists may be used to treat neuronal apoptosis. 
This is irrelevant to multiple sclerosis (MS), as it is well evidenced in the art that this 
mechanism is not significant in that disease. 

The role of apoptosis in the aetiology of MS appears equivocal and unproven. In 
a recent paper from Cedric Raine's group, (Cannella et al. Multiple sclerosis: Death 
receptor expression and oligodendrocyte apoptosis in established lesions. J. 
Neuroimmunology. 2007,188: 128-137 - copy attached), the authors conclude that 
"death of oligodendrocytes by apoptosis was an infrequent event in all human CNS 
samples examined". 

In another study (Goertsches et al. Detection of apoptotic cells in cerebrospinal 
fluid of patients suffering from neurological disease. J. Neuroimmunology. 2007, 
188:175-180 - copy attached), the authors conclude that "No apoptotic processes were 
detected by either analytical method in CSF of clinically distinct diseases, amongst 
others multiple sclerosis". 

In a further study, (Singh et al, Resveratrol Ameliorates Experimental Allergic 
Encephalomyelitis (EAE) Primarily via Induction of apoptosis in T cells involving 
activation of AhR and ER. Mol Pharmacol. 2007. Sep 14; PubMed - copy attached), the 
authors demonstrate that resveratrol exhibited anti-inflammatory and anti-oxidant 
properties and decreased clinical symptoms and inflammatory responses in EAE. Mice 
treated with resveratrol had significant apoptosis in spinal cord and high levels of 
apoptosis in activated T-cells. Thus, the positive effect in EAE was attributed to a pro- 
apoptotic drug effect on T-cells. 
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G Ramsaransing et al: B Med Journal p1 1 13 (22 nd April 2000 - copy attached) 
disclose that use of the sodium channel blocker carbamazepine makes multiple 
sclerosis worse . 

From the above papers, the scientific argument presented in Bountra's Summary 
of Invention and Claims for the use of compounds which inhibit apoptosis in the 
treatment of relapse and EDSS in MS appears unfounded and not credible. 

Regarding the dosage range as now claimed, Smith and Meldrum, 1995 
(Cerebral protective effect of lamotrigine after focal ischemia in rats, Stroke:26,1 17-122 
- copy attached) show that lamotrigine is only neuroprotective in models of focal 
ischemia over a narrow dose range. In fact, only a dose of 20mg/kg significantly 
reduced neurological scores. One of ordinary skill in the art would not have had any 
reasonable expectation from this, and the papers cited above, that the presently 
claimed dose would be efficacious. 

Based on the above, it is clear that the invention as now claimed is not 
anticipated by Lunardi et al. or Bountra et al. Reconsideration and withdrawal of the 
outstanding anticipation rejections are accordingly respectfully requested. 

IV. THE OBVIOUSNESS REJECTION 

Claims 10, 14 and 15 stand rejected under 35 U.S.C. §1 03(a) as allegedly 
unpatentable over Bountra et al. That rejection is respectfully traversed. 

For the reasons outlined above, Bountra does not render the present invention 
obvious. Bountra provides no credible guidance on how to dose and what to dose. A 
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person of ordinary skill in the art might easily have selected carbamazepine, as did 
Ramsaransing et al, and then dose at 900mg with serious detrimental effect. 

The present inventors have discovered how to significantly impact the very 
serious disease, multiple sclerosis. The prior art patent is merely an invitation to carry 
out a search which would be more likely to fail than succeed. 

Based on the above, it is clear that one of ordinary skill would not have been 
motivated to arrive at the invention as now claimed based on Bountra. Absent any such 
motivation, a prima facie case of obviousness has not been generated in this case. 
Reconsideration and withdrawal of the outstanding obviousness rejection are 
accordingly respectfully requested. 

Favorable action on this application is awaited. 
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Abstract 

To determine whether TNF and TRAIL death receptors (DR), and decoy receptors (DcR), play a role in oligodendrocyte depletion in the 
lesions of chronic multiple sclerosis (MS), we investigated the presence and functionality of these molecules on oligodendrocytes in MS and non- 
MS brain tissue and on human oligodendrocytes in vitro. For this, we performed immunocytochemistry, Western blotting, TUNEL and FACS 
analysis for the presence of DR and apoptosis in sections of fresh frozen CNS tissue from cases of chronic MS, other neurologic diseases and 
normals, and in fetal human oligodendrocytes in vitro. The results showed that although oligodendrocytes demonstrated both DR and DcR, 
particularly in vitro, there was no predilection of the phenomenon for MS and apoptosis of oligodendrocytes, common in cultures after ligation 
with TRAIL, was negligible in CNS tissue in situ. Thus, death of oligodendrocytes by apoptosis was an infrequent event in all human CNS 
samples examined. We postulate that while oligodendrocyte apoptosis might prevail during the initial stages of MS, from our findings other 
mechanisms probably account for their loss in the established lesion and decoy receptors may play a protective role in oligodendrocyte survival. 
© 2007 Elsevier B.V. All rights reserved. 

Keywords: TRAIL; Oligodendrocytes; Cell death 



1. Introduction 

While it is well recognized that the pathogenesis of the in- 
flammatory demyelinating lesion in multiple sclerosis (MS) is 
complex and possibly heterogeneic, there is consensus that 
initiating events have an immunologic, perhaps autoimmune, 
basis (Frohman et a!., 2006). In support of this are numerous studies 
showing that the course of MS can be beneficially altered by a 
number of anti-inflammatory or immune-modulating therapies 
(Frohman et al., 2006; Noseworthy et al., 2005), many of which act 
on the pro-inflammatory cytokine profile to down-regulate 
inflammation. At the level of CNS pathology in MS, a major 
unresolved issue relates to the fate of the myelinating cell, the 
oligodendrocyte, during the evolution of the lesion. In the 
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established lesion, total depletion of oligodendrocytes is common 
(Prineas and McDonald, 1997; Raine, 1997), but whether they die 
by classic apoptosis or a cytotoxic mechanism (necrosis), remains a 
question. Since patterns of oligodendrocyte death have been used 
to determine lesion type and/or stages in MS (Lucchinetti et al., 
2000, 1996), clarification of this issue might have considerable 
pathogenetic import. One cytokine frequently implicated in lesion 
growth in MS is tumor necrosis factor (TNF), a proinflammatory 
molecule linked to oligodendrocyte injury and death (D'Souza 
et al., 1996; Jurewicz et al., 2005; Sclmaj and Raine, 1988). 

The TNF family of cytokines and their receptors (TNFR), are 
well known to play critical roles in immune regulation and 
inflammation and have important functions in cell death 
mechanisms in all tissues. Some members of the TNFR family 
of homologous transmembrane proteins bear an intracellular 
death domain and are able to mediate apoptosis directly. The death 
receptors (DR), TNF-R1 (DR1), and Fas (DR2), arc well- 
characterized members of the group and have been studied 
previously in MS (Bonetti and Raine, 1 997; Dowling et al., 1 996; 
D'Souza ct al., 1996). DR3 is preferentially expressed by 
lymphocytes and is induced after T-cell activation (Bodmer 
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et al., 1997). DR4 and DR5 (TRAIL-R1 and TRAIL-R2), are two 
of five cloned receptors of the TNF-related apoptosis-inducing 
ligand, TRAIL (Pan et al., 1997; Sheridan et al., 1997; Walczak 
et al., 1997; Wiley et al., 1995). Two other receptors of TRAIL- 
DcRl and DcR2 (TRAIL-R3 and TRAIL-R4), are thought to be 
protective and to act as decoy receptors (Degli-Esposti et a I., 
1 997a,b). TRAIL and its receptors are constitutively expressed in 
a variety of normal tissues and tumor cells (Pan et al., 1997; 
Schneider el al., 1997; Wiley et al., 1995). More recent studies 
have shown TRAIL and its receptors in human brain tissue (Dorr 
et al.. 2002; Frank et al., 1999; Nakamura et al., 2000). DR6, one 
of the newer members of the DR family, is widely expressed in 
human tissues (Pan ct al, 1998). RT-PCR data indicate that DR6 
is abundant in normal human CNS (Harrison et al., 2000). 

Since the receptors DR3-DR6; DcRl and DcR2, and TRAIL 
ligand have not been examined in MS, the present study was 
undertaken to investigate these molecules in chronic lesions and 
whether expression was related to ongoing disease and 
oligodendrocyte pathology. To investigate possible functional 
implications of DR, human fetal oligodendrocytes were grown 
in vitro, exposed to TRAIL, and apoptosis measured by the 
TUN EL technique for DNA fragmentation. 

2. Materials and methods 

2. /. Tissue samples 

All tissues used in this study came from a brain bank main- 
tained in this laboratory and the tissue was collected with 
appropriate approval from an institutional IRB. Cryostat 
sections from OCT-embedded blocks from 10 cases of MS 
displaying chronic active and chronic silent lesions, 5 cases of 
other neurologic diseases (OND), one each, amyotropic lateral 
sclerosis, olivopontocerebellar degeneration, and stroke, and 2 



Alzheimer's, and CNS tissue from 4 normal cases, were used in 
this study (see Table 1). For neuropathology, sections were 
stained with hematoxylin and eosin, and Luxol fast blue for 
myelin. For Western blotting, tissue was stored as fresh frozen 
slices until needed. 

With regard to lesion staging, chronic active MS lesions 
display a sharp edge, perivascular cuffs of infiltrating cells, lipid- 
laden macrophages, hypertrophic astrocytes, some degenerating 
axons and ongoing demyelination. At the lesion margin, an 
increased number of oligodendrocytes and some remyelination 
may be seen. The demyelinated lesion center is usually 
hypocellular, containing naked axons embedded in a matrix of 
scarring (fibrous) astrocytes, Iipid-laden macrophages, a few 
infiltrating leukocytes, and virtually no oligodendrocytes. Chronic 
silent lesions are defined by sharply demarcated, gliotic, 
chronically demyelinated, hypocellular areas of white matter 
lacking inflammatory activity, with variable degrees of axonal loss 
and severe depletion of oligodendrocytes. 

2.2. Immunocytochemistry 

Frozen sections were processed as previously described 
(Cannella and Raine, 2004), and incubated overnight at 4 °C 
with primary antibodies against the following: mouse anti-TRAIL 
(R&D, Minneapolis, MN); polyclonal goat anti-DR4/TRAIL-R 1 
(R&D); polyclonal goat anti-DR5/TRAIL-R2, anti-TRAIL-R3/ 
DcRl (Alexis Corp., Lausen, Switzerland), and TRAIL-R4/DcR2 
(R&D); mouse anti-DR3 (Biolegend, San Diego, CA), and 
polyclonal rabbit anti-DR6 (Alexis Corp). For phenotypic 
controls, mAbs were used against: CD68 (Dako Corp., 
Carpinteria, CA), CNPase (Sigma, St. Louis, MO), GFAP- 
Alexa 488 (Molecular Probes, Eugene, OR), and CD45 (Dako), 
for the staining of microglia, oligodendrocytes, astrocytes and 
leukocytes, respectively. Secondary biotinylated antibodies were 



Tabic 1 

Clinical summary of case studied 



Patient 


Diagnosis 


Gender/ 


Disease duration 


Cause of death 


PMI 






age 


(yr) 




(h) 


1 


PPMS 


F/31 


8 


Rcsp. failure 


3 


2 


PPMS 


F/32 


3 


Bronchopneum. 


8 


3 


PPMS 


F/37 


17 


Resp. failure 


6 


4 


SPMS 


F/38 


11 


Bronchopneum. 


8 


5 


SPMS 


M/46 


15 


Cardiac arrest 


8 


6 


SPMS 


F/59 


35 


Bronchopneum. 


8 


7 


SPMS 


F/56 


21 


Cardiac arrest 


2 


8 


SPMS 


F/55 


20 


Sepsis 


6 


9 


SPMS 


F/49 


15 


Bronchopneum 


8 


10 


SPMS 


M/60 


16 


Bronchopneum 


9 


1 1 


Stroke 


F/80 


12h 


Stroke 


5 


12 


ALS 


F/49 


5 


Bronchopneum. 


8 


13 


OPCD 


M/3I 


4 


Bronchopneum. 


4 


14 


Alzheimer's 


F/73 


n/a 


Cardiac arrest 


5 


15 


Alzheimer's 


M/68 


n/a 


Pneumonia 


7 


16 


Normal 


F/84 


n/a 


Pulmonary embolus 


8 


17 


Normal 


M/62 


n/a 


Cardiac arrest 


6 


18 


Normal 


F/88 


n/a 


Cardiac arrest 


7.5 


19 


Normal 


M/72 


n/a 


Cardiac arrest 


9 



Supplied by The British Library - "The world's knowledge" 



130 



B. Cannella et al. / Journal of Neuroimmunology 188 (2007) 128-137 



applied for 1 h at room temperature followed by the avidin- 
biotin-horseradish peroxidase complex (ABC) reagent (Vector 
Labs., Burlingame, CA), for another 1 h. The chromogen used 
was 3,3'diaminobenzidine (DAB). In addition to the above 
immunoperoxidasc staining, double-label immunofluorescence 
was used to confirm the identity of positive cells, using anti- 
mouse IgG-Cy2 (Jackson Immunoresearch, West Grove, PA), 
with the phenotypic monoclonal antibodies and anti-rabbit IgG- 
Alexa 568 and anti-goat IgG-Alexa 568 (Molecular Probes), with 
the polyclonal receptor antibodies. Negative controls consisted of 
omission of primary antibodies and were performed to exclude 
non-specific staining. Immunoreactivity was scored in a blinded 
fashion by two observers on a scale from 0 to 4+, as reported 
previously (Cannella and Raine, 1995). 

2.3. Western blots 

Freshly thawed samples of human white matter were 
processed as described previously (Cannella and Raine, 
2004). Immunodetection for DR was performed by overnight 
incubation at 4 °C with primary antibody and as a standard, anti- 
tubulin antibody (Sigma, St. Louis, MO). Blots were incubated 
with horseradish peroxidase-labeled secondary Ab (Southern 
Biotechnology), for 1 h and then washed and developed with 
an ECL kit (Amersham, Piscataway, NJ). The bands were 
quantitated by scanning densitometry and expressed as a ratio 
over the standard to correct for protein loading. 

2.4. TUN EL 

To investigate the degree and localization of apoptosis in vivo 
and in vitro, the terminal deoxynucleotidyl transferase (TdT)- 
mediated deoxyuridine triphosphate nick-end labeling (TUNEL) 
technique was applied to frozen sections of MS, OND and normal 
CNS tissue, according to the manufacturer's instructions (R&D). 
Immunohistochemistry was performed to characterize cell pheno- 
type. Sections were post-fixed with a formaldehyde reagent — BD 
Cytofix/Cytoperm (Becton Dickinson Biosciences Pharmingen, 
San Diego, CA), for 15 min, washed and incubated with the 
labeling reaction mixture for 60 min at 37 °C. For negative control 
purposes, TdT enzyme was omitted from the reaction mixture. As a 
positive control, sections were treated with nuclease which 
produced staining of all nuclei. Cell phenotype (oligodendrocyte 
and infiltrating cells), was visualized using horseradish peroxidase 
with DAB as substrate, and the TUNEL reaction with streptavidin- 
alkaline phosphotase and neofuchsin as substrate. The number of 
apoptotic cells was quantitated by counting TUNEL-positive cells 
per 40* field (approximately 200 fields), and reported as the 
number of positive cells per mm 2 . Statistical significance was 
determined using the Student's /-test. 

2.5. Cell culture 

Human oligodendrocytes were isolated from spinal cords of 
electively-aborted fetuses, obtained from the Einstein Human 
Fetal Tissue Repository (New York, NY), in accordance with 
approved Internal Review Board protocols. Primary cultures 



were established from 18-22 week gestation fetal spinal cords, 
as described previously (Oman et al., 2005). Oligodendrocyte 
cultures were maintained in N2B3 medium alone, or supple- 
mented with 10 ng/ml PDGF-AA (Sigma), and media was 
replenished every other day. In initial experiments, cells were 
exposed to doses of 10, 100 and 1000 ng/ml of TRAIL. The 
optimal dose was determined to be 100 ng/ml. Since 
cyclohexamide has been shown by others to be necessary for 
increasing TRAIL activity (Li et al., 2003; Marysiak et al., 
2002), it was added to the cells before TRAIL treatment and 
simultaneously with TRAIL to determine the best method of 
treatment. It was found that pre-treatment was no more effective 
and in all further experiments, it was added simultaneously with 
TRAIL. The optimal time of exposure to TRAIL was then 
determined by exposing the cells for two different timepoints: 
6 h and 16 h. The shorter time period was found to be better. 
After 5 days in vitro, duplicate cultures were treated for 6 h with 
100 ng/ml SuperKillerTrail (Alexis) alone, or in combination 
with cyclohexamide (5 ug/ml, Sigma), to investigate the role of 
TRAIL receptors on oligodendrocytes. Cells maintained in 
N2B3 media alone served as negative controls. Experiments 
were repeated 4-5 times. 

2.6. FACS analysis 

For fluorescence microscopy of cultured cells and FACS 
analysis, cells were stained in a manner similar to the above- 
described procedures with CNPase and visualized with secondary 
antibodies directly conjugated to Alexa568, and TUNEL-positive 
cells were visualized with Streptavidin-Alexa488. For FACS 
analysis, cells were trypsinized and analyzed at 2 x 10 s cells on a 
FACScan flow cytometer (Becton Dickinson, Sunnyvale, CA), 
with the use of software WINMD12.8 (Trotter). Negative controls 
omitting primary antibodies were run in parallel. FACS analysis 
was repeated 3 times. 

3. Results 

3.1. Death receptors in CNS tissue 

The results of the immunocytochemical analysis are 
summarized in Tabic 2, which shows average levels of selected 
TNFR death receptors, decoy receptors and the ligand, 
TRAIL, in CNS tissue from active and silent MS lesions, 
OND and normal cases. Reactivity for DR varied among 
microglia, astrocytes, oligodendrocytes and infiltrating cells, 
and in some cases, the same molecule was expressed by several 
cell types. 

DR3 reactivity was seen at moderate levels on astrocytes, 
and at low levels on microglia and perivascular macrophages 
(Fig. 1A). Chronic active MS lesions showed DR3 on 
inflammatory cells in perivascular cuffs and on astrocytes 
(Fig. IB). In chronic silent lesions, DR3 was seen at low levels 
on all cell types (Table 2). However, Western blots failed to 
show any quantitative differences between groups (Fig. 2). 
Immunoreactivity for DR4 was found at low levels on microglia 
and infiltrating cells (Fig. 1C), and at similar levels on 
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Table 2 

TNF and TRAIL receptor expression in human CNS tissue 





DR3 


DR4 (TRAIL-R1) 


DR5 (TRAIL-R2) 


DR6 


DcRl (TRAIL-R3) 


DcR2 (TRA1L-R4) 


TRAIL 


Active MS « = 4 


+ A 
+ INF 


±M 
+ A 
+ INF 


+ M 
+ INF 


±M 

4 A 
1 A 

+ INF 


±OL 
+ M 

+ INF 


++M 
± A 
+ INF 


±OL 
+ INF 


Silent MS n-$ 


±OL 

±M 

iA 


±M 
±A 


+ OL 
±A 


■H-M 


+OL 
±A 


++M 


±OL 

+ M 


ONDn = 2 


±M 


±M 


+OL 


+ M 


++OL 
±A 


+ M 


±OL 


Normal n = 4 


+ A 


±M 
±A 


±OL 




++OL 


±M 


±OL 



Scored on a 0 to 4 scale based on extent and degree of immunorcactivity. OL = oligodendrocyte, A « astrocyte, M •> microglia, INF = infiltrating cells. 



astrocytes in silent lesions and normal CNS. In active lesions, 
DR4 expression was higher on astrocytes. Western blots 
showed differences in expression between cases within the 
same group, e.g. chronic active MS and normal CNS, rendering 
conclusions on quantitative differences between MS and normal 
CNS difficult. DR5 was seen consistently on oligodendrocytes 
in all cases (Table 2; Fig. ID), with higher levels in MS and 
OND, compared to constitutive levels in normal brain tissue. In 
active lesions, DR5 was also seen on microglia and infiltrating 
cells (Fig. IE), and in silent lesions, on astrocytes at low levels. 
In grey matter, DR5 immunoreactivity was seen on neurons. 
Western blotting showed an increase in DR5 expression in 
chronic silent lesions compared to other groups (Fig. 2). DR6 
was expressed on microglia in all groups (Table 2; Fig. IF), with 
up-regulation in active and silent lesions. Astrocytes and 
inflammatory cells also showed low-level reactivity in active 
MS lesions. 

3.2. Decoy receptors in CNS tissue 

The decoy receptor, DcRl (TRA1L-R3), was found consti- 
tutively at moderately high levels on oligodendrocytes in 
normals and OND, and at lower levels in MS (Fig. 3A). In 
chronic active lesions, it was also expressed by microglia and 
infiltrating cells and in silent lesions and OND, by astrocytes at 
low levels (Fig. 3 B). Double-labeling for DcR I and DR5 showed 
colocalization on cell bodies with the phenotype of oligoden- 
drocytes as well as on astrocytes and their processes (Fig. 3C). 
Neuronal positivity for DcRl was seen in grey matter. Western 
blots showed no significant differences in levels between the 
groups. DcR2 (TRAIL-R4), occurred almost exclusively on 
microglia (Table 2), higher in MS and lower in normals. 

3.3. TRAIL in CNS tissue 

Low level expression of TRAIL ligand was found on 
oligodendrocytes in all cases, with some reactivity on microglia 



in silent lesions and perivascular infiltrating cells in active 
lesions (Table 2). Interestingly, TRAIL levels were higher in 
established MS lesions and lower in normals and OND. Western 
blotting revealed an increase in TRAIL in MS and OND 
compared to barely detectable levels in normals. 

3.4. Quantitation of apoptosis in situ 

Chronic active lesions (fl = 4), showed the highest levels of 
apoptosis (mean, 2.8 ±0.7 cells/mm 2 — Fig. 4), due primarily 
to TUNEL-positive infiltrating cells in perivascular cuffs that 
were also CD45+ (Fig. 5 A). Silent lesions (« = 5), showed lower 
levels of apoptosis (mean, 0.8±0.4 cells/mm 2 — Fig. 4), related 
to decreased inflammatory activity. The degree of apoptosis 
observed in CNS tissue from 5 cases of OND and 4 normals, 
was negligible (mean, 0.2 ±0.1 5 and 0.1 ±0.07 cells/mm 2 , 
respectively — Fig. 4). The difference in the levels of TUNEL- 
positive cells was found to be statistically significant between 
that seen in chronic active MS and OND (p=0.02), and between 
chronic silent MS and OND (p = 0.002), using the /-test. In 
general, there was minimal apoptosis in parenchymal cells in 
CNS tissue from all groups. Occasionally, an apoptotic 
oligodendrocyte was seen around an active MS lesion, but 
this was infrequent (Fig. 5 A). Thus, although oligodendrocytes 
showed expression of DR5 (Fig. ID), apoptotic oligodendro- 
cytes in chronic lesions were rare. The latter may have been 
related to the protective effect of DcRl on the same cell type 
(Fig. 3A and C), see above. The negligible levels of 
oligodendrocyte apoptosis in normals and OND may have 
been a reflection of the higher levels of DcRl on oligoden- 
drocytes (Table 2). 

3.5. DR on oligodendrocytes in vitro 

Oligodendrocyte cultures were established from human fetal 
spinal cord and the cells analyzed for DR in vitro. Immuno- 
cytochemistry revealed expression of DR3, DR4, DR5, DR6, as 
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Fig. 1. Double immunofluorescence confirms the phenotype of cells immunoreactive for DR around MS lesions. All figures 400*. (A-B) DR3 posiiivity seen on 
CD68+ microglia and on GFAP+ astrocytes. Note the DR3+ inflammatory cells in the upper left corner in (B). (C) DR4+ cells were identified in a chronic active MS 
lesion to be microglia shown in the merged image on the right. (D) DR5+ cells were CNPase+ oligodendrocytes (arrows). (E) Active MS lesion showed DR5 reactivity 
also in perivascular inflammatory cells (CD45+). (F) DR6 reactivity was predominantly microglial as verified by colocalization with CD68 in the merged image to the 
right. 



well as the decoy receptors, DcRl and DcR2 (Fig. 6). The 
findings were somewhat different from adult CNS tissue in situ 
where DR4 and DR6 were not observed on oligodendrocytes. 
Widespread oligodendrocyte reactivity for DR in vitro was 
probably a combination of developmental and tissue culture- 
related phenomena. 

3.6. Treatment of oligodendrocytes with TRAIL in vitro 

To examine whether TRAIL receptors on oligodendrocytes 
were functional, human fetal oligodendrocyte cultures were 



treated with TRAIL then examined for evidence of apoptosis. 
Morphologic assessment revealed TUNEL-positive, CNPase- 
positive cells (Fig. 5B). Process-bearing, differentiated CNPase+ 
cells undergoing apoptosis were rare compared to rounded-up 
apoptotic CNPase+ cells. Treatment with TRAIL alone 
increased the number of apoptotic cells over baseline levels, 
as did treatment with cyclohexamide alone. TRAIL and 
cyclohexamide combined appeared to have an additive effect 
(see Fig. 5B). 

To quantitate the effect of TRAIL on oligodendrocyte 
apoptosis, cultures were analyzed by FACS. The results showed 
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Fig. 2. Western blots (upper horizontal panel in each figure), show 
immunoreactivity for DR in white matter from chronic active and chronic 
silent MS lesions, other neurological diseases (OND), and normal subjects (n = 2 
for each group). Densitometric analysis (histograms) of blots suggests up- 
regulation of DR5 protein levels in chronic silent MS lesions. DR3, DR4 and 
DcRI showed no differences among the groups. Levels of the ligand, TRAIL, 
were increased in MS and OND compared to normal CNS, where it was barely 
detectable. 



that treatment with TRAIL increased the percentage of CNPase+ 
TUNEL-i- cells from a baseline level of 27% (no treatment), to 
48% (Fig. 7). Cyclohexamide alone had a minor effect (29%), 
and combined with TRAIL, this increased to 50%. 



4. Discussion 

In the present study, we examined MS and non-MS CNS tissue 
for a novel group of DR known to be involved in apoptosis (DR3, 
4, 5 and 6). Having determined their presence in CNS tissue in 
situ, we then tested TRAIL DR functionally on oligodendrocytes 
in vitro. Finally, we investigated and quantitated classical 
apoptosis in situ by DNA fragmentation. With different MS 
lesion types plus control CNS tissue, our findings have failed to 
support a significant role for apoptosis in the loss of oligoden- 
drocytes from the established MS lesion, both active and silent 
Expression of DR proved to be a constitutive property and a 
common feature in CNS tissue from all groups. However, while 
the incidence of apoptosis, as assessed by TUN EL staining, was 
greatest in MS, this was found to involve CD45+ infiltrating cells, 
not parenchymal cells. Furthermore, there was no overt difference 
in expression of DR between MS and controls although shifts in 
expression towards microglia occurred in MS and OND. 
Astrocytes and microglia were the main cells showing DR, 
except for DR5 which displayed a predilection for oligoden- 
drocytes. Quantitatively, westerns showed higher levels of DR5 in 
chronic silent MS lesions. Westerns also showed up-regularion of 
TRAIL in MS and OND, indicating that this was not MS-speciftc. 

Although observed herein but not a focus of the present study, 
neuronal TRAIL DR and DcR expression has been extensively 
'studied. One study reported TRAIL induction of apoptosis in 
human brain slices (Nitsch et al., 2000), a second examined 
TRAIL ligand/receptors in brain tissue obtained from individuals 
with epilepsy (Dorr et al., 2002), and a third reported TRAIL- 
related neuronal death in a mouse model of MS (Aktas et al M 
2005). There are no reports analyzing DR in MS tissue. While 
similarities between the present study and that of Dorr et al. 
(2002), were seen in DR4 and DR5, the DcRI and DcR2 patterns 
were somewhat different with oligodendrocytes and neurons 
being the main cells expressing DcRI in this study [versus 
neurons only (Dorr et al., 2002)], and microglia here showing 
DcR2 [versus oligodendrocytes and neurons (Dorr et al., 2002)]. 
In addition, the latter authors were unable to find TRAIL in 
human CNS. To what extent these differences may have been 
related to the source of the CNS tissue tested and antibodies used, 
remains to be seen. These differences notwithstanding, it is 
interesting from our work that regardless of condition (MS, OND, 
normal), one decoy receptor (DcRI ), was preferentially expressed 
by oligodendrocytes, while the other (DcR2), was prominent on 
microglia. Considering that both microglia and oligodendrocytes 
also expressed different TRAIL DR (DR4 and DR5, respective- 
ly), this may indicate that the relative ratio of the respective death 
versus decoy receptor expression on these two cell types may be a 
determining factor in their survival. Furthermore, it would appear 
that different cell types may be protected by different receptors, a 
more efficient system biologically. 

Examination of human fetal oligodendrocytes in culture 
showed both presence and functionality of DR following ligation 
with TRAIL. Previous studies using adult human oligodendro- 
cytes (Matysiak et al., 2002), came to similar conclusions and 
went on to show that DR4 was the receptor responsible for 
apoptosis. These studies in vitro appear to support a role forDR in 
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Fin 3 (A) Oligodendrocyte immunoreac.ivity for DcRl at the edge of a chronic active MS lesion was confirmed by ^localization with CNPase (arrows). (B) 
Astrocytes were also positive for DcRl, shown here by double-staining with GFAP. (C) Colonization of DR5 (TRAIL-R2) and DcRl (TRAIL-R3) on 
oligodendrocytes (arrows), and astrocytes. 



oligodendrocyte death, an observation not" supported by our 
parallel studies of CNS tissue in situ. Whether this reflects in vitro/ 
in vivo differences or non-apoptotic functions of DR, as proposed 
previously (Wajant, 2003), are possibilities. 

Oligodendrocyte depletion in MS and its association with 
apoptosis has been the subject of many studies, some claiming 
apoptosis not to be prominent (Bonetti and Raine, 1997; D'Souza 
et al. , 1 996), and others claiming it to be a significant mechanism 
(Bametl and Prineas, 2004; Dowling et al., 1996; Lucchinetti 
et al., 1996). However, considerable uncertainty as to the fate of 
oligodendrocytes in MS still exists due in some part to the fact that 
the criteria for apoptosis differ among studies (Barnett and Prineas, 
2004; Lucchinetti et al., 2000). More recently, the distinction 
between the different classical death pathways has become less 
clear (Jaattela and Tschopp, 2003). This may be a contributing 
factor to differences of opinion between investigators examining 
oligodendrocyte death processes in MS. Given that oligodendro- 
cyte apoptosis was a rare event in this study on established MS 
lesions, one has to reconcile the findings with how and when 
depletion of this cell type occurs in MS. Major oligodendrocyte 
loss is almost certainly an early event of short duration occurring 
during the initial acute stages, and the window of opportunity for 
its detection is probably very narrow. Unfortunately, the chances 
of obtaining autopsy tissue containing the earliest lesions, are slim 
since this stage has been proposed to last for a few hours only 
(Bametl et al., 2006). Since the course of MS evolves over several 
decades and chronic lesions are known to continue to expand 
during the relapsing-remitting phase, the same mechanism of 
oligodcndroglial cell death may or may not prevail. However, not 
to be excluded is that oligodendrocyte apoptosis occurring at an 
exceedingly low rate may still be the cause of oligodendrocyte 
depletion in MS. Although ample evidence of apoptotic 



infiltrating cells was consistently found in chronic active lesions, 
oligodendrocytes were only rarely TUNEL-positive. These results 
are not in accord with previous work (Dowling et al., 1996; 
Lucchinetti et al., 1996), which depicted an abundance of DNA 
fragmentation in oligodendrocytes along the borders of chronic 
active lesions. Whether these discrepancies relate to the use of 
differently processed material remains a possibility. 

Taken in concert, we have documented for the first time, the 
widespread expression of DR in MS and non-MS CNS tissue. 
The same DR were tested on human oligodendrocytes in vitro 
and were shown to be effective in inducing apoptosis after 
TRAIL ligation. The incidence of expression of DR in situ 
failed to correlate with the low degree of apoptosis observed. 



p « 0.Q2 




Active MS 



Silent MS 



OND Normal 



Fig. 4. This histogram illustrates the average number of TUNEL positive cells 
per square millimeter in the CNS of MS (chronic active, /i = 4; chronic silent, 
/»*5). OND (* = 5)and normal cases (/i = 4). Levels of TUNEL-positive cells 
were significantly different between those seen in active MS and OND 
(p = 0.02), and between silent MS and OND (p = 0.002), using the Student's 
r-test. 
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incased the number of apoptotic cells over control (media), baseline, levels (first row), as did treatment with cyelohexam.de alone (third row). TRAIL and 
cyclohexamidc combined (below), appeared to have an additive effect. 



Whether this indicated a lack of receptor activation, blockade 
of downstream signaling, or the protective effect of simulta- 
neously expressed decoy receptors, provides subjects for 
future investigation. Nevertheless, the presence of DR and 
DcR expression within the CNS supports the existence of 
innate mechanisms operative during development and disease 
which influence cell fate. These pathways may play more of a 
role in the elimination of infiltrating cells (shown here in active 
MS lesions), rather than the death/survival of parenchymal 



cells, at least during the chronic stages of this devastating 
disease. 
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A Multicenter, Double-Blind, Randomized, Placebo-Controlled 
Crossover Evaluation of a Short Course of 4030W92 in Patients 
With Chronic Neuropathic Pain 

Mark S Wallace,* Michael Rowbotham/ Gary J. Bennett,* Troels S. Jensen, 5 
Rosemarie Pladna, 11 and Steve Quessy 11 

Abstract: Several lines of evidence suggest that neuropathic pain is mediated in part by an increase 
in the density of voltage-sensitive sodium channels in injured axons and the dorsal root ganglion of 
injured axons. The purpose of this study was to examine the safety, analgesic efficacy, and tolera- 
bility of oral 4030W92 (a new novel sodium channel blocker) in a group of subjects with chrome 
neuropathic pain. This study used a randomized, double-blind, placebo-controlled, crossover des.gn 
in 41 subjects with neuropathic pain with a prominent allodynia. Each subject received a 2-week 
course of 4030W92 (25 mg/day) and placebo separated by a 2-week washout penod. At baselme, 
postdose day 1, day 7, and day 14, the following were measured: (1) spontaneous and evoked pain 
scores, (2) dynamic and static allodynia mapping, (3) Short Form McGill Pain Questionnaire, and (4 
blood sample for 4030W92 assay. At baseline and day 14 the following were measured: (1) thermal 
testing in the painful area. (2) Medical Outcomes Study Short Form 36 Questionnaire, and (3) patient 
global satisfaction. Allodynia severity was significantly lower (P = .046) on treatment day 1, postdose 
for 4030W92 compared to placebo. However, this was not maintained on treatment day 7 or 14. The 
area of static allodynia was significantly smaller (P = .03) on treatment day 7 for 4030W92 compared 
to placebo. However, this was not maintained to treatment day 14. There was no significant effect of 
4030W92 on any other efficacy measure. Side effects were minimal. 4030W92, at 25 mg/day, pro- 
duced a nonsignificant reduction in pain without treatment limiting side effects. The maximum 
analgesic effect of this drug remains unknown. 
© 2002 by the American Pain Society 

Key words: Neuropathic, pain, sodium, channel, antagonists 



Chronic neuropathic pain after nervous system in- 
jury is often debilitating and refractory to treat- 
ment. Neuropathic pain may display several char- 
acteristics including (1) an ongoing spontaneous pain, (2) 
an exaggerated pain response to a noxious stimulus (hy- 
peralgesia), and/or (3) a pain response to a nonpainful 
stimulus (allodynia). Both the spontaneous and evoked 
pain may be mediated in part by an increase in the den- 
sity of voltage-sensitive sodium channels in the injured 
areas of the axon and dorsal root ganglion of the injured 
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primary afferent neuron. 10 ' 12 ' 15 In animal models of neu- 
ropathic pain, spontaneous and evoked pain behavior is 
significantly diminished after delivery of sodium channel 
antagonists. 7 ' 32 Importantly, these effects occur at 
plasma concentrations that do not produce an afferent 
conduction block. 12 

Oral sodium channel antagonists, such as mexiletine and 
lamotrigine, have been reported to be effective in a variety 
of neuropathic pain syndromes including diabetic neurop- 
athy, 11 ' 1 ** 24 alcoholic neuropathy, 20 peripheral nerve inju- 
ry, 6 and trigeminal neuralgia. 34 However, not all studies 
have shown efficacy, especially when doses are low. 19 * 31 

4030W92 is a new sodium channel antagonist similar in 
structure to lamotrigine with high selectivity for use-de- 
pendent sodium channels (tetrodotoxin resistant). Pre- 
clinical studies have found efficacy of 4030W92 in in- 
flammatory and neuropathic pain models. 8 9 / 26 4030W92 
was at least 5 times more potent than lamotrigine in 
animal pain models and exhibited a greater separation 
between doses that elicited analgesic effects and those 
that elicited behavioral effects (ataxia). The more favor- 
able potency and safety index were considerations in 
selecting 4030W92 for further study in humans. In phase 
I studies, 4030W92 has been well tolerated with an elim- 
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ination half-life of 67 hours (unpublished observations). 
The purpose of the present study was to examine the 
safety, analgesic efficacy,, and tolerability of oral 
4030W92 in a group of subjects with chronic neuropathic 
pain. 

Methods 
Subjects 

The study protocol (Glaxo Wellcome N2AA2003) was 
approved by the Institutional Review Boards of the 4 
participating institutions. With informed consent, sub- 
jects with neuropathic pain of moderate to severe inten- 
sity (visual analog scale [VAS] score of 30 mm or greater) 
and a well-defined primary area of mechanical aliodynia 
were recruited for the study. Subjects were required to 
fall within 1 of 3 diagnostic groups: (1) postherpetic neu- 
ralgia (PHN) of at least 3 months' duration, (2) complex 
regional pain syndrome (CRPS) type I or II of greater than 
12 months' and less than 3 years' duration, or (3) defin- 
able lesion of a peripheral nerve not associated with on- 
going infection. Subjects were not allowed to use tricy- 
clic antidepressants or anticonvulsants during the study. 
Continued use of their rescue analgesic of choice was 
allowed, if the dose had been stable for at least 4 weeks. 

Study Overview 

A randomized, double-blind, placebo-controlled, 
crossover design was used. Subjects came to the research 
center for a total of 8 visits during a 9-week period. After 
the initial eligibility evaluation, subjects entered a 7-day 
screen during which they underwent sensory testing for 
mechanical aliodynia and made a daily record of analge- 
sic medication usage and pain severity. At the second 
visit eligible subjects were randomized to treatment se- 
quence (placebo-4030W92 or 4030W92-placebo) and re- 
ceived their first dose of study medication during a full- 
day study session. Subjects took one 25-mg tablet of 
4030W92 or matching placebo once a day during the rest 
of the treatment period. Subjects were reevaluated after 
7 days of treatment and again at the end of the 14-day 
treatment period. After a 14-day washout period, sub- 
jects entered the second treatment period. On comple- 
tion of the second treatment, a second 14-day washout 
period ensued before the final follow-up visit. 

At the day 1 visit of each treatment period, the follow- 
ing assessments were made before dose and 4 hours af- 
ter dose: (1) spontaneous and evoked pain scores, (2) 
dynamic and static aliodynia mapping, (3) Short Form 
McGill Pain Questionnaire (SF-MPQ), and (4) blood sam- 
ple for 4030W92 assay. These assessments were repeated 
at the day 7 and day 14 visits for each treatment period. 
On day 1 before dose and day 14, subjects also under- 
went (T) thermal testing in the painful area, (2) Medical 
Outcomes Study Short Form 36 (SF-36) Questionnaire, 
and (3) patient global satisfaction. Throughout the 
study, patients were asked to record pain VAS and pam 
relief scores and rescue analgesic use in a diary each 
evening. 
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Outcome Measures: Primary 

A VAS, consisting of a 100-mm line with "no pain" 
written at one end and the "worst imaginable pain" 
written at the other end, was used to assess spontaneous 
pain. Each evening, the subject was asked to place a mark 
along the line that corresponded with their pain for the 
entire day. The distance, in millimeters, from the no pain 
end to the location of the mark gave a measurement of 
the pain. The primary efficacy end point was the change 
from baseline to the end of the 2-week treatment period 
in pain intensity on the VAS (also referred to as the pain 
intensity difference [PID]). 

Outcome Measures: Secondary 

The following assessments were evaluated as second- 
ary end points in this study: 

1. Mean pain intensity on the VAS during the treatment 
period. 

2. The percentage of days with "moderate" pain relief or 
better. Every evening during the treatment periods, 
subjects rated their level of pain relief for the entire 
day on a 6-item category scale (worse, no relief, slight 
relief, moderate relief, a lot of relief, and complete 
relief). 

3. Evoked pain intensity. Aliodynia severity was deter- 
mined by stroking the most painfully sensitive area of 
the skin 3 times during a period of 5 seconds at a rate 
of 5 cm/s with a foam brush. Summation phenomena 
were determined by "bouncing" a von Frey hair (fila- 
ment size #14, equal to 5.18 g of pressure) on the most 
painfully sensitive area of the skin 10 times. In each 
test, the subject indicated the amount of pain evoked 
on a 100-mm VAS scale. 

4. Dynamic and static aliodynia mapping. The area of 
dynamic aliodynia was determined by gently stroking 
the skin with a 1-inch foam brush from outside the 
sensitive area toward the center of the sensitive area 
along 8 approximately evenly spaced radii while ask- 
ing the subject to report when the sensation changed 
to become unpleasant or painful. The area of static 
aliodynia was determined by gently pressing the skin 
from outside the sensitive area gradually toward the 
center of the sensitive area with a #14 von Frey hair 
until the filament curved, while asking the subject to 
report when the sensation changed to become un- 
pleasant or painful. Each area of aliodynia was traced 
on transparent paper, if small enough, and measured 
(in cm 2 ) by using a compensating polar planimeter. If 
the area was larger than the transparent paper size, 
the areas were approximated and transferred to a 
standard homunculus provided to each study site for 
estimation of area (in cm 2 ). 

5. Thermal testing. Thermal thresholds were determined 
in the area of greatest pain and the corresponding 
spot on the unaffected side with the Thermal Sensory 
Analyzer (TSA) (Medoc Advanced Medical Systems, 
Minneapolis, MN). The thermode size was 30 x 30 mm. 
To prevent skin injury, temperature limits of 50°C and 
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0°C were used. Thresholds were calculated as the av- 
erage of 4 consecutive trials. The baseline tempera- 
ture was set at 32°C. For warming and cooling detec- 
tion thresholds, the temperature ramp was 1°C/s. For 
cold and heat pain thresholds, the ramp rate was 2°C/s. 
Subjects also rated the painfulness of the fourth ramp 
on the VAS. 

6. Short Form McGill Pain Questionnaire. Subjects were 
asked to rate the present intensity of each pain-re- 
lated adjective by circling none, mild, moderate, or 
severe. 

7. Medical Outcomes Study Short Form (SF-36). This 36- 
item questionnaire is summed into 8 multi-item scales 
measuring health concepts encompassing physical and 
mental health. 

4030W92 assay 

A mass spectrometry-based method for the determi- 
nation of 4030W92 in plasma was used. The method used 
solid-phase extraction in 96-well microliter plate format, 
which had been automated by means of a custom-built 
Zymark robotic system. The extracts were analyzed by 
liquid chromatography-tandem mass spectrometry by 
using Turbo lonspray and multiple reaction monitoring. 
The method provided a lower limit of quantification of 
25 ng/mL from a 0.2-mL sample size. 

Safety Monitoring 

Adverse event queries were completed at each post- 
randomization study visit. Women of childbearing po- 
tential underwent urine pregnancy tests to document 
the absence of pregnancy before participation in the 
study, before each treatment period, on the last day of 
treatment, and at the final follow-up. To rule out ar- 
rhythmias or conduction defects, serial electrocardio- 
grams were conducted at the screen visit, before and 
after dose on the first day of each treatment period, on 
the last day of each treatment period, and at the final 
follow-up. 

Data Analysis 

All data are expressed as the mean + the standard 
deviation. PID was compared with analysis of covariance 
(ANCOVA). Tests for carryover effects from one study 
session to the other were performed in 2 ways: (1) 2 
sample t tests on the period differences of the baseline 
values and (2) ANCOVA on subject totals with the first 
period baseline as the covariate. Mean pain intensity, 
evoked pain intensity, area of allodynia, thermal thresh- 
olds, and the total score for the SF-MPQ were compared 
with ANCOVA. The percentage of days with moderate 
pain relief or better during the treatment period was 
compared by using the Koch nonparametric method for 
a two-period crossover. SF-36 scores were compared with 
analysis of variance. Subjects who discontinued prema- 
turely from the study were handled in 2 ways: 
1. Last observation carried forward (LOCF): the last ob- 
servation before the time of discontinuation was car- 
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Table 1. Subject Demographics 



Category 



Demographics 



Age (y) 
Gender (No.) 
Race (No.) 
Pain syndrome 



Pain duration (mo) 

Mean screening VAS (mm) 

Mean screening allodynia 

VAS (mm) 
Mean screening area of static 

allodynia.(cm 2 ) 
Mean screening area of 

dynamic allodynia (cm 2 ) 



Mean. 53.4; range, 25-82 
Men, 15; women. 26 
White, 40; black, 1 
CRPS type I, 8; type II, 1; 
postherpetic neuralgia, 15; 
peripheral nerve Injury, 15; other, 2 
Mean, 50; range, 3-279 
Mean, 59.3; range, 24-96 
Mean, 47.6; range, 0-98 

Mean, 38.8; range, 1.4-191.9 

Mean, 31.6; range, 0-182.3 



ried forward to the end of the study period from 
which they discontinued. Data were only carried for- 
ward within a specific study period and not across to 
any subsequent study periods. If the baseline reading 
was worse than the last observation, then the baseline 
was carried forward instead. 
2. Observed data: data were regarded as missing at ran- 
dom and no values were imputed. 
For the primary end point, analysis was performed 
with both the LOCF approach (primary analysis) and ob- 
served data (additional sensitivity analysis). For all sec- 
ondary end points, analysis was only performed with the 
LOCF approach. 

With a difference of 6 mm and within-subject standard 
deviation of 9.2 mm, a total of 37 subjects were needed 
on the basis of a one-sample t test for crossover studies, 
for 80% power and a .05 (two-sided) significance level. 
On the basis of these calculations, 20 subjects per treat- 
ment sequence group were enrolled. 

Results 

A total of 41 subjects entered the study and received at 
least 1 dose of study medication. Table 1 summarizes the 
demographics of the study cohort. Thirty of the 41 sub- 
jects had either PHN or peripheral nerve injury. Ninety 
percent (n = 37) completed the study and 10% (n = 4) 
were discontinued early from the study. Two subjects 
were withdrawn from the study for the following rea- 
sons: 1 subject withdrew consent, and 1 subject was lost 
to follow-up. 

Primary Efficacy Measure 

On the primary end point PID, there was no significant 
difference between 4030W92 and placebo (P = .137) (Fig 
1). There was an improvement in pain scores (ie, higher 
positive values of PID) on 4030W92 compared with pla- 
cebo, but the treatment difference was small, 4.0 mm 
with a 95% confidence interval of - 1 .4 mm to +9.4 mm 
(Fig 1). The crossover design was valid, because there was 
no evidence of a difference between the baselines at the 
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start of each treatment period, treatment interaction, or 
period effect of 4030W92 on pain scores. 

Secondary Efficacy Measures 

There was no significant difference between 4030W92 
and placebo in mean pain intensity during the treatment 
period. Although mean values were higher during 
4030W92 treatment, there was no significant difference 
(P = .190) between 4030W92 and placebo in the percent- 
age of days with moderate pain relief or better (Fig 2). 
On most days and for both treatments, fewer than 20% 
of subjects experienced rel ief that was rated as moderate 
or better. Compared to placebo, rescue analgesic use was 
not significantly different during 4030W92 treatment 

Allodynia severity was significantly lower (P - .046) on 
treatment day 1, postdose for 4030W92 compared to 
placebo (Fig 3). However, this was not maintained on 
treatment day 7 or 14. There was a nonsignificant de- 
crease in abnormal temporal summation with 4030W92. 
The area of static allodynia was significantly smaller (P = 
.03) on treatment day 7 for 4030W92 compared with 
placebo (Fig 4 r left panel). However, this was not main- 
tained to treatment day 14. There was no significant 
difference between 4030W92 and placebo in area of dy- 
namic allodynia at any time (Fig 4, right panel). 

Table 2 summarizes the baseline thermal thresholds in 
both affected and unaffected skin. Baseline measure- 
ments showed elevated warm and cool detection thresh- 
olds and decreased cold pain thresholds (ie, cold pain 
was evoked at a temperature that was warmer than nor- 
mal). As reflected in higher VAS pain scores with thermal 
stimulation of the painful region, there was also evi- 
dence of heat and cold hyperalgesia. There was no sig- 
nificant difference between 4030W92 and placebo on 
thermal thresholds or thermally evoked pain intensity. 

There was no significant difference between 4030W92 
and placebo in the total score for the SF-MPQ pain de- 
scriptors at any time. On the SF-36, changes in the 8 
domains during 4030W92 were not significantly differ- 
ent from placebo. 

Adverse Events 

The overall incidence of adverse events during treat- 
ment was similar for 4030W92 (63%) and placebo (61 %). 
There were no subjects who discontinued the study be- 
cause of side effects. The incidence of drug-related ad- 
verse events during treatment was higher for 4030W92 
(50%) than for placebo (37%). The adverse events with a 
greater than 5% higher incidence on 4030W92 com- 
pared to placebo were sedation (15% vs 2%), malaise 
and fatigue (8% vs 2%), nausea (10% vs 5%), diarrhea 
(5% vs 0%), and eating problems (5% vs 0%). Skin rash 
was reported in 3% of subjects during 4030W92 treat- 
ment and in 0% during placebo treatment. 

4030W92 plasma levels 

Peak plasma levels for 4030W92 occurred on day 14. 
The plasma levels suggested relatively low/moderate in- 
tersubject variability. Median trough values were ap- 




Figure 1 . Line graph of mean PIOs in mm on the VAS during the 
14-day treatment periods for 4030W92 and placebo. A positive 
number means a greater reduction in pain. 
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Figure 2. Bar plot of percentage of days with moderate pain 
relief or better during the study by treatment sequence group 
and by treatment. 




Figure 3. Bar plot of allodynia severity as measured by the VAS 
(in mm) pre-dose, post-dose, day 7, and day 14. *P < .05. 



proximately 75% of the steady state trough values ob- 
tained on day 14 (Fig 5). 

Discussion 

In the present study there was no significant decrease 
in daily pain throughout the 14-day treatment period 
with 4030W92 compared to placebo. The present study 
did demonstrate a significant first-dose effect of 
4030W92 on allodynia severity that was not maintained 
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Figure 4. Bar plot of the area of static and dynamic allodynia 
(cm 2 ) 4 hours day 1 post-dose, day 7, and day 14. *P < .05. 

on days 7 and 14. There was also a transient early effect 
on the area of allodynia to static (but not dynamic) stim- 
uli. Temporal summation to repetitive stimuli was consis- 
tently, but only slightly, reduced. 

There are several possible reasons why these results 
failed to provide statistical significance. First, the num- 
ber of patients included was relatively small; however, 
the power analysis outlined in the methods section sug- 
gested that the sample size was adequate. Second, given 
the minimal side effects observed at the dose of 25 mg/ 
day, the changes in spontaneous and evoked pain with 
4030W92 may represent threshold effects that would be 
of greater duration and magnitude with a larger daily 
dose. Positive studies involving neuropathic pain popu- 
lations often use dose titration to individualize tolerabil- 
ity limits. Perhaps increasing the dose of 4030W92 could 
have shown greater efficacy with an increase in safety 
risk. Constraints imposed on the design of this study may 
not have allowed individual subjects to reach a maxi- 
mum response. Third, the group of patients was hetero- 
geneous; however, they all had the common link of me- 
chanical allodynia, suggesting a common neuropathic 
pain mechanism. 

Previous studies with oral and intravenous sodium 
channel blockers suggested dose-response relationships 
may be important. For example, Galer et al 16 showed 
that 2 mg/kg intravenous lidocaine produced less relief 
of neuropathic pain than 5 mg/kg. With computer-con- 



Tabie 2. Baseline Thermal Thresholds (°C ± Standard 
Deviation) and Thermal Elicited Pain Score (VAS in 
mm ± Standard Deviation) 





Unaffected 


AFFECTED 


Warm 


36.9 ± 4.4 


38.6 ± 4.8 


Cool 


27.7 - 3.1 


25.0 i 5.5 


Hot pain 


45.0 ± 3.5 


45.3 ± 7.5 


Cold pain 


12.4 ± 9.4 


15.4 ± 9.5 


Hot pain VAS 


47.2 * 28.7 


64.4 ± 20.7 


Cold pain VAS 


30.8 ± 26.3 


46.0 t 28.6 



NOTE. The thermal thresholds are the temperatures at which the change was 
detected (from a starting temperature of 32°C). 
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Figure 5. Bar plot of 4030W92 plasma levels at 4 hours day 1 
post-dose, day 7, and day 14. 



trolled infusions to target specific plasma levels, Wallace 
et al 27 showed increased pain reduction with higher 
blood levels. Studies with oral mexiletine have shown 
little or no pain reduction at doses of 450 to 750 mg/day 
but more impressive pain relief when the dose was 
pushed to a maximum of 1200 mg/day or the drug was 
given on a per kilogram basis. 6 ' 22 * 24 - 31 For lamotrigine, a 
controlled study of 200 mg/day in patients with neuro- 
pathic pain produced negative results, whereas studies 
using 400 mg/day were successful. 14 - 19 - 34 

The patients with neuropathic pain examined in this 
study all had mechanical allodynia. The mechanisms of 
the hyperalgesia and allodynia after peripheral nerve 
injury are not completely understood. There is abundant 
evidence for abnormal sodium channel accumulation on 
peripheral axons after nerve injury. 12 - 15 Anecdotally, al- 
lodynia and hyperalgesia may be dramatically reduced 
during intravenous lidocaine infusion in patients with 
chronic pain. Overall, sodium channel blockers produce 
only modest changes in experimental pain models that 
use normal human volunteers. In the intradermal capsa- 
icin injection model, intravenous lidocaine and oral 
mexiletine decrease the C-fiber mediated flare response 
with minimal effects on the secondary hyperalgesia. 3,28 
Systemic lidocaine inhibited punctate-evoked but not 
brush-evoked hyperalgesia in the intradermal capsaicin 
injection model, 18 but the opposite pattern was seen in 
the heat/capsaicin sensitization model. 13 

In the present study, thermal sensory testing was car- 
ried out to determine baseline small fiber function and 
the effects of 4030W92. Fascicular recording and com- 
pression-ischemia block have shown that low-threshold 
tactile sensations are subserved by large myelinated fi- 
bers <Af3), cool sensation by small myelinated fibers (A5), 
and warmth and pain by small unmyelinated fibers (C- 
fibers). 2125 - 33 Consistent with the diagnosis of neuro- 
pathic pain, baseline thermal testing showed an eleva- 
tion of warming and cooling detection thresholds and a 
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slight decrease in cold pain thresholds. Heat and cold 
hyperalgesia was evident in the form of higher pain in- 
tensity VAS scores from noxious thermal stimulation on 
the painful side. We found no effect of 4030W92 on 
small fiber function. This is not surprising, because sev- 
eral studies have found no effect of intravenous lido- 
caine (at plasma levels up to 3 \xgfml) and mexiletine (at 
plasma levels up to 0.5 u,g/mL) on acute sensory thresh- 
olds in both the normal and neuropathic pain 
states. 3 - 5 ' 28 - 29 

Aside from the known anticonvulsant effects of lido- 
caine, there is evidence to indicate that central actions of 
sodium channel blockers are relevant to their analgesic 
effects. Lidocaine increased the threshold for evoking 
the nociceptor flexor reflex in patients with diabetic neu- 
ropathy without altering peripheral conduction and sup- 
presses polysynaptic C-fiber evoked reflexes in ani- 
mals. s - 30 Similarly, lidocaine has been shown to reduce 
neuronal activity in the dorsal horn of the spinal cord in 
rats with experimental neuropathy. 23 Two recent con- 
trolled studies have shown relief of central nervous sys- 
tem injury pain with sodium channel blockers. Attal et 
al* showed a reduction of spontaneous ongoing pain 
and of brush- and pinprick-evoked hyperalgesia after in- 
travenous lidocaine in patients with central pain due to 
spinal cord injury or stroke. Andersen et al 2 found an 
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analgesic effect of lamotrigine in poststroke pain by us- 
ing a double-blind, placebo-controlled, crossover design. 
Therefore, it may be of interest to explore 4030W92 fur- 
ther in patients with central pain syndromes. 

There are many subtypes of sodium channels expressed 
in the nervous system. Certain pain-sensitive peripheral 
sensory neurons express a distinct type of tetrodotoxin- 
insensitive sodium channel. 1 Pain relief may be signifi- 
cantly greater with highly subtype-selective drugs that 
allow for greater blockade of abnormal neuronal activity 
mediated by sodium channels before side effects super- 
vene. Future studies should be directed at further iden- 
tification of the subtypes of sodium channels located on 
pain-sensitive nerve fibers after nerve injury and their 
modulation by subtype-specific channel blockers. Unfor- 
tunately, all of the existing agents, including 4030W92, 
are not selective for this sodium channel. Because the 
25-mg/day dose of 4030W92 used in the present study 
produced an insignificant pain reduction without treat- 
ment limiting side effects, the maximum analgesic effect 
of this drug remains unknown. 
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Cerebroprotective Effect of Lamotrigine After 
Focal Ischemia in Rats 

Stuart E. Smith, MSc, PhD; Brian S, Meldrum, MB, BChir, PhD 



Background and Purpose Glutamate receptor antagonists 
are protective in animal models of focal cerebral ischemia. 
Lamotrigine (3,5-diamino-6-[2,3-dichlorophcnyl]-l,2,4- 
triazine) is an anticonvulsant drug that blocks voltage-gated 
sodium channels and inhibits the ischemia-induced release of 
glutamaie. We describe the cerebroprotective effect of lam- 
otrigine (as the isethionate salt) after middle cerebral artery 
occlusion in rats. 

Methods Neurological deficit and infarct volume (visualized 
by the lack of reduction of 2,3,5-triphenyltctrazoliuni chloride) 
24 hours after permanent left middle cerebral artery occlusion 
were studied in Fischer rats (n=8 per group per dose). 

Results Lamotrigine at 20 mg/kg IV over 10 minutes ad- 
ministered immediately after middle cerebral artery occlusion 
reduced total infarct volume by 31% and cortical infarct 
volume by 52%. Lamotrigine at 8 mg/kg IV over 10 minutes 
reduced cortical infarct volume by 38%. Lamotrigine at 50 



The activation of excitatory amino acid receptors is 
thought to be involved in the development of 
infarction of cerebral tissue. 1 - 2 During focal 
cerebral ischemia, augmented concentrations of gluta- 
mate and aspartate (peaking at 0.5 to 2 hours after 
occlusion) have been detected in the extracellular space 
using microdialysis techniques. 3 - 6 Based on electrophysi- 
ological studies, postsynaptic ionotropic receptors for 
excitatory amino acids at which glutamate may act are 
classified into three main subtypes. 7 These comprise the 
receptors preferring W-mcthyl-D-aspartate (NMDA), 
kainate, and 5'-a-amino-3-hydroxy-5-methyi-4-isox- 
azolepropionate (AMPA). AMPA and kainate receptors 
are referred to as "non-NMDA receptors." Glutamate 
has excitotoxic effects acting via NMDA or non-NMDA 
receptors in vivo and in vitro. 3 - 9 Cerebroprotection with 
excitatory amino acid antagonists acting at NMDA and 
non-NMDA receptors has been established after focal 
cerebral ischemia. 2 - 10 - 19 An alternative approach is to 
reduce the release of glutamate during and after the 
ischemic insult. 20 - 23 

Lamotrigine (3,5-diamino-6-[2,3-dichlorophenyl]- 
1,2,4-triazine; Lamictal) is a novel anticonvulsant agent 
with efficacy in patients with partial seizures or general- 
ized tonic clonic seizures. The time course for the 
anticonvulsant effect for lamotrigine in animals and in 
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mg/kg IV for 10 minutes was not cerebroprotective and in- 
duced a decrease of 29±15 mm Hg in mean arterial blood 
pressure (P<.05, n=8). The optimum dose of lamotrigine (20 
mg/kg IV over 10 minutes) when administered with a 1-hour 
delay after middle cerebral artery occlusion reduced cortical 
mfarct volume by 41%. Lamotrigine (20 mg/kg IV over 1.0 
minutes) with a 2-hour delay after middle cerebral artery 
occlusion was ineffective. Neurological deficits after 24 hours 
were improved after immediate treatment with lamotrigine at 
20 mg/kg IV over 10 minutes. 

Conclusions The cerebroprotective effect of lamotrigine in 
rats is limited to a narrow dose range between S and 20 mg/kg. 
Lamotrigine or analogous compounds may be useful when given 
shortly after the onset of stroke. (Stroke. 1995;26:117-122.) 

Key Words • cerebral ischemia • sodium channels p 
neuroprotection • glutamates • rats 



, See Editorial Comment, page 121 

photosensitive epileptic patients is relatively long (from 
1 to 24 hours) after intravenous, intraperitoneal, or oral 
administration. Lamotrigine is completely bioavailable 
after oral administration in rats and is distributed 
throughout the body; anticonvulsant doses of 2 to 4 
mg/kg result in plasma concentrations of lamotrigine of 
1 to 2 /xg/mL. Lamotrigine is rapidly absorbed, and its 
half-life for elimination in the Wistar rat is 12 to 15 
hours. 24 - 28 

The mechanism of anticonvulsant action of lam- 
otrigine is thought to involve action at voltage-sensitive 
sodium channels. 29 ' 31 Lamotrigine reduces veratrine- but 
not K + -induced glutamate, aspartate, and y-aminobu- 
tyric acid release with ED S0 values of 21 /Lunol/L, 21 
/xmol/L, and 44 jimol/L, respectively, in cerebrocortical 
slices from the rat in vitro. 24 ' 25 - 28 Lamotrigine has no 
'effect on the binding of a wide range of radiolabeled 
neurotransmitters (including dopamine D, and D 2 ; ad- 
renergic ot u a 2 , and /3; adenosine A, and A 2 ; muscarinic; 
or a binding sites), but it does compete with [ 3 H]batra- 
chotoxinin-A-2()-a-henzoate (pK i =3.5) > 2S * 30 a ligand in- 
teracting with a sodium channel site related to activation 
of sodium channel fluxes, and with [ 3 H]quipazine 
(pKj=5.7), a ligand interacting with recognition 
sites. 25 

The present study was designed to determine whether 
lamotrigine has cerebroprotective effects after perma- 
nent left middle cerebral artery (MCA) occlusion in rats. 
Preliminary data have been presented. 32 34 

Materials and Methods 

Adult male Fischer F344 rats weighing 250 to 310 g were 
housed in groups of four to six in polyvinylchloride cages (350 
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mm widcx530 mm longX!80 mm high) in an environment 
maintained at J9°C to 22°C and a relative humidity of 55±3%, 
respectively, with a 14-h light/IO-h dark cycle (light on from 6 
am to 8 pm). Food and water were available ad libitum. 
Halothanc was used to induce (4% in a mixture of 70% N 2 0 
and 30% 0 2 ) and maintain (2%) anesthesia. Each rat was 
allowed to breathe spontaneously, and rectal temperature was 
maintained at 37°C (36.5°C to 38 W C) with a heating blanket. 
The left femoral vein was cannulated for drug administration, 
and the caudal (tail) artery was cannulated for the continuous 
monitoring of arterial blood pressure, repeated blood sampling 
for serial measurements of blood glucose concentration, Pao 2 , 
Paco 2 , and pH levels. Arterial blood (200 jU. total volume) was 
collected without the need for induced negative pressure from 
the caudal artery of the rats for immediate analysis at J 5 
minutes before and 15 minutes after MCA occlusion and in 
some experiments at 30-minute intervals thereafter. Blood 
gases and pH were analyzed using an IL 13404 analyzer (Instru- 
mentation Laboratories), and blood glucose level was mea- 
sured with Glucostix strips (Bayer Diagnostics, Ames Division). 
The temperature of the exposed temporalis muscle was moni- 
tored using a thermoprobe. 

All rats underwent subtemporal subperiosteal craniectomy 
(with intact zygoma) and exposure of the main trunk of the left 
MCA under 25-fold magnification of an operating stercomi- 
croscope. 35 ' 36 The exposed artery was electrocauterized from a 
point proximal to the lenticulostriate branch(es) to its junction 
with the inferior cerebral vein. 

The rats received in a blinded fashion vehicle (0.25% wt/vol 
methylccllulose [Sigma Chemical Co], 400 cp, in high-perfor- 
mance liquid chromatography water) or lamotrigine (3.2, 8, 20, 
or 50 mg/kg IV over 10 minutes; 1 mlvkg; all doses refer to the 
isethionate salt of lamotrigine) immediately after MCA occlu- 
sion (n=8 per group per dose). In a further experiment, vehicle 
or lamotrigine (20 mg/kg IV over 10 minutes) was administered 
1 or 2 hours after MCA occlusion (n=8). During the 10-minute 
infusions and the 1- or 2-hour delay, rats were lightly anesthe- 
tized with 0.5% halothane in a mixture of 70% N 3 0 and 30% 
0 2 . Fifteen minutes after MCA occlusion or 5 minutes after the 
delayed infusion, the cannulas were removed, the anesthesia 
was discontinued, and the animals were allowed to recover in 
cages warmed with an overhead lamp (60-W bulb, 30-cm 
distance). Rectal temperature was measured at + 1 hour after 
vehicle or drug infusion. 

Twenty-four hours after MCA occlusion, the rats were 
assessed in a blinded fashion for neurological deficits based on 
the rating scales used by Bederson et al- 17 and Gcrmano et al. 10 
The following grading scale was used: grade 0, no observable 
deficit; grade 1, forelimb flexion; grade 2, forelimb flexion and 
decreased resistance to lateral push; and grade 3, forelimb 
flexion, decreased resistance to lateral push, and unilateral 
circling in three successive trials. The animals were then 
decapitated, and the brain was rapidly removed (within 2 
minutes), examined for proximal MCA occlusion, and then 
placed into a vibratome containing saline at 8°C. Ten coronal 
sections (1 mm thick) were cut from the frontal pole and then 
incubated for 30 minutes in microwells, each containing 2 mL 
2% wt/vol iriphenvltctrazolium chloride in saline at 37°C 
before storage in 0.1 mol/L phosphate-buffered (pH 7.4) 5% 
vol/vol formaldehyde in saline for 1 to 5 days. The sections were 
photographed to scale, and slides were prepared and used to 
estimate the left and right hemispheric and the total, cortical, 
and noncortical infarct areas using an IBAS image analyzer 
(Kontron niektronik, GmbH). These areas were used to cal- 
culate the hemispheric and infarct volumes in cubic millimeters 
by use of a BASIC integration program that is based on the ends 
of spheres and truncated cones. Infarct volumes are expressed 
as mcanrtSD and were analyzed using Student's unpaired t test 
or Dunne rt's test (sas/stat version 6). Neurological deficit is 
expressed as frequency for observed deficit and was analyzed 
using an unpaired rank test. Recta! and temporalis tempera- 
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Fig 1 . Bar graph showing infarct volumes 24 hours after middle 
cerebral artery (MCA) occlusion. Rats received 10-minute infu- 
sions of either vehicle or lamotrigine isethionate (3.2, 8, 20, or 50 
mg/kg IV) immediately, or vehicle or lamotrigine isethionate (20 
mg/kg IV) 1 hour or 2 hours after MCA occlusion. Values are 
mean±SD infarct volumes in cubic millimeters. Significant re- 
duction in infarct volume after lamotrigine isethionate adminis- 
tration by Student's unpaired r test with the respective vehicle- 
treated group (n=8); * P<.05; ** P<.01. Tot indicates total; C, 
cortical; and NC, noncortical. 

turcs, blood pressure, glucose, and gases, and pH recorded 
during the experiment were analyzed using MANOVA. 

Results 

There was a consistent pattern of ischemic brain 
damage after permanent MCA occlusion. Lesions were 
seen in the dorsolateral frontoparietal cortex, the cau- 
date putamen, and the globus pallidus. The boundaries 
between the areas of infarction and the normal adjacent 
areas were sharply demarcated. 

Immediate Administration of Lamotrigine 

Immediate postocclusion infusion of lamotrigine (3.2 
mg/kg IV over 10 minutes) did not significantly reduce 
the total, cortical, or noncortical infarct volumes (Fig 1). 
Neurological deficit was not reduced (Fig 2; vehicle 
score, 1.8±0.5; lamotrigine score, 1.5±0.9; P>.05): Im- 
mediate postocclusion infusion of lamotrigine (8 mg/kg 
IV over 10 minutes) reduced the cortical infarct volume 
by 38% (from 50±15 mm 3 in vehicle-treated to 31±11 
mm 3 in lamotrigine-treated rats; P<.05). Total and 
noncortical infarct volumes were not significantly re- 
duced (Fig 1). Neurological deficit was not reduced (Fig 
2; vehicle score, 1.8±0.5; lamotrigine score, 1.6±0.5; 
P>.05). 

Immediate postocclusion infusion with lamotrigine 
(20 mg/kg IV over 10 minutes) reduced the total infarct 
volume by 31% (from 118±33 mm 3 in vehicle-treated to 
81±38 mm 3 in lamotrigine-treated rats; P<,05). Cortical 
infarct volume was reduced by 52% (from 50± 15 mm 3 in 
vehicle-treated to 24±15 mm 3 in lamotrigine-treated 
rats; P<.05). Noncortical infarct volume was not signif- 
icantly reduced (Fig 1). Neurological deficit was also 
reduced (Fig 2; vehicle score, 1.8±0.5; lamotrigine 
score, 0.8±0.7; P<.05). Temporalis temperature rose by 
1°C in the lamotrigine-treated group 15 minutes after 
MCA occlusion (P<.05). 

Immediate postocclusion infusion with lamotrigine 
(50 mg/kg IV over 10 minutes) did not significantly 
reduce the total, cortical, or noncortical infarct volumes 
(Fig 1). Neurological deficit was not reduced (Fig 2; 
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Fig 2. Stacked bar graph showing neurological scores of rats 
24 hours after middle cerebral artery (MCA) occlusion. Rats 
received 10-minute infusions of vehicle (Veh) or iamotrigine 
isethionate (3.2, 8, 20, or 50 mg/kg IV) immediately, or vehicle or 
Iamotrigine isethionate (20 mg/kg IV) 1 hour or 2 hours after MCA 
occlusion. Bars show the numbers of rats with observed neuro- 
logical scores of 0 to 3. Significant reduction in neurological 
deficit by unpaired rank test; *P<.05. 

vehicle score, 1.8±0.5; Iamotrigine score, 1.5±0.5; 
(P>.05). 

1- Hour Delay Before Administration of Lamotrigine 

Delayed (1 hour) postocclusion infusion with lam- 
otrigine (20 mg/kg TV over 10 minutes) reduced cortical 
infarct volume by 41% (from 56±25 mm 3 in vehicle- 
treated to 33 ±17 mm 3 in lamotrigine-treatcd rats; 
P<.05). The total and noncortical infarct volumes were 
not significantly reduced (Fig 1). Neurological deficit 
was not reduced (Fig 2; vehicle score, 1.8±0.5; lam- 
otrigine score, 1.4±0.5; P>.05). 

2- Hour Delay Before Administration of Lamotrigine 

Delayed (2 hours) postocclusion infusion with lam- 
otrigine (20 mg/kg IV over 10 minutes) had no effect on 
total, cortical, or noncortical infarct volume (Fig l). 
Neurological deficit was not reduced (Fig 2; vehicle 
score, 1.8±0.5; lamotrigine score, 1.4+0.6; P>.Q5). 

Adverse Effects 

Lamotrigine (3.2 to 20 mg/kg IV over 10 minutes) 
induced no significant changes in blood gases, pH, or 
glucose levels, mean arterial blood pressure, or rectal or 
temporalis temperature (n=8). 

Lamotrigine (50 mg/kg IV over 10 minutes) induced a 
reduction of 29±15 mm Hg in mean arterial blood 
pressure compared with vehicle-treated rats (P<.05; 
Student's unpaired / test). A regression and correlation 
analysis of the drop of blood pressure against infarct 
volume (total, cortical, or noncortical) in each rat 
showed no significant correlation between changes in 
blood pressure and infarct volume (n=8). Other physi- 
ological variables were unaffected (n=8). 

On recovery from anesthesia, the animals displayed 
no adverse behavioral effects after the 10-minute infu- 
sion of 3.2, 8, or 20 mg/kg of lamotrigine isethionate. 
Severe impairment of locomotor coordination (duration, 
5 to 8 hours) was observed after the 10-minute infusion 
of 50 mg/kg of lamotrigine. 



For all groups, rectal temperatures were similar, rang- 
ing between 36.8°C and 37.5°C. Temporalis temperature 
was lower, ranging between 32.5°C and 33.9°C. 

Discussion 

Lamotrigine (20 mg/kg) reduces total and cortical 
infarct volume and improves neurological deficit in rats 
when administered immediately after MCA occlusion. 
.After delayed (+1 hour) administration of lamotrigine 
(20 mg/kg), cortical infarct volume was significantly 
reduced. Neurological deficit was unaffected. The ther- 
apeutic time window for a cerebroprotective effect coin- 
cides with the peak increase of extracellular concentra- 
tions of glutamate and aspartate, which occurs 0.5 to 2 
hours after occlusion during focal cerebral ischemia. 3 * 6 

Neuronal cell loss after focal injection of kainate into 
the striatum of the rat is thought to be mediated by the 
release of neuronal glutamate. 38 Lamotrigine (8 to 16 
mg/kg IP) at similar doses as those used in this study 
protects against kainate neurotoxicity in rat striatum. 39 

Reduction of cortical infarct volume has been described 
with compounds with chemical structure similar to lam- 
otrigine, which also block sodium channels and inhibit 
glutamate release: BW1003C87 (5-[2,3,5-trichlorophenyl]- 
2,4-diaminopyrimidine ethane sulphonate; 20 mg/kg TV for 
5 minutes) administered immediately after permanent 
MCA occlusion in rats 20 * 21 and BW619C89 (4-amino-2-[4- 
methylpiperazinc-l-yl]-5-[2,3,5-trichlorophenyl]pyrimi- 
dine; 5 to 30 mg/kg IV for 5 to 10 minutes. 22 ' 23 

Other compounds with an ability to block sodium 
channels or to inhibit ischemia-induced glutamate re- 
lease, which both reduce cortical infarct volume in 
models of focal cerebral ischemia in the rat, include the 
K-opiate agonist CI-977 (enadoline; [5R]-[5a, 7a, 8^]- 
A^-methyl-AT-[7-(1-pyrrolidinyl)-l-oxaspiro-(4,5)-dec-8- 
ylj-4-benzofuranacetamide • HC1), 40 - 41 riluzoie, 42 ' 43 and 
phenytoin. 44 Basal microdialysate concentrations of glu- 
tamate are unaffected by lamotrigine, 25 BW1003C87, 20 - 45 
or Cl-977. 4 * 

BW1003C87 and BW619C89 are more potent inhibi- 
tors of veratrine-induced glutamate release than lam- 
otrigine and are also cerebroprotective in rat models of 
transient forebrain ischemia. 23 - 45 Lamotrigine exhibits a 
bell-shaped dose-response curve for cerebroprotective 
effect after MCA occlusion in rats. The optimally effec- 
tive dose is 20 mg/kg, which is 10-fold the anticonvulsant 
dose in rats (anticonvulsant ED S0 values against maximal 
electroshock-induced or sound-induced seizures are 2 
mg/kg). 24 - 26 

When administered before or during focal cerebral 
ischemia, Iamotrigine, BW1003 C87, or BW619C89 re- 
duce the ischemia-induced release of glutamate. 21 - 23 - 34 
The clinical use of BW1003C87 is limited by its ability to 
inhibit dihydrofolate reductase, which could lead to 
anemia, thrombocytopenia, and teratogenicity. Lam- 
otrigine congeners like BW619C89, which inhibit isch- 
emia-induced release of glutamate, may provide a novel 
approach for the therapy of stroke. The precise site and 
mechanism of the cerebroprotective effect of lam- 
otrigine, BW1003C87, and BW619C89 have not yet been 
identified. Evidence suggests that an interference with 
sodium flux across neuronal membranes may be the 
basis of the anticonvulsant and cerebroprotective effects 
of these compounds. 28 " 31 A primary action and use- 
dependent blockade at sodium channels may result in a 
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number of effects: (1) inhibition of high-frequency neu- 
ronal firing rate, resulting in less glutamate release; 29 - 31 
(2) prevention of an ischemia-induced anoxic depolar- 
ization that is characterized by an intraneuronal accu- 
mulation of sodium, calcium, and chloride ions; 8 (3) 
maintenance of the intracellular and extracellular so- 
dium gradient that contributes to the outward move- 
ment of Ca 2+ (via the Na"7Ca 2 * exchanger) and the 
inward movement of glutamate (via the Na + -coupled 
glutamate transporter); 47 (4) prevention of cytotoxic 
edema that occurs after ischemia; and (5) inhibition of 
spreading depression that may be an indicator or deter- 
minant of the process of infarction. 48 

Comparable degrees of cerebroprotection are ob- 
served with representative compounds from the follow- 
ing classes of glutamate antagonists: competitive NMDA 
(D-[£]-4-[3-phosphonoprop-2-enyl]piperazine-2-carbox- 
ylic acid [D-CPPene]), uncompetitive NMDA (MK801), 
and non-NMDA antagonists (NBQX and GYK152466) 
after focal cerebral ischemia in rats. 210 ' 19 These com- 
pounds have minimum effective doses in animal models 
of stroke that are close to doses that induce adverse 
effects (impairment of locomotor performance, hypoten- 
sion, respiratory depression). Analogues of these com- 
pounds with fewer adverse effects may be developed. 
Lamotrigine and BW619C89 have a greater separation 
between effective doses in animal models of stroke and 
doses that induce adverse effects. 49 * 50 

Adverse neurological effects were observed after in- 
travenous administration of 50 mg/kg lamotrigine to rats 
in the present study; cerebroprotection was observed 
with 20 mg/kg IV lamotrigine, a dose that did not induce 
any evident adverse behavioral effects. Doses of lam- 
otrigine above 20 mg/kg may have less cerebroprotective 
effect than a dose of 20 mg/kg because of the increased 
likelihood of hypotensive effects. 

The present data confine the therapeutic time window 
with lamotrigine to less than 2 hours after the onset of 
stroke in rodents. Infarction after MCA occlusion devel- 
ops more slowly in primates, suggesting that the thera- 
peutic time window may be longer in humans. 51 

These studies suggest that compounds of this class 
may be useful in the treatment of stroke and related 
neurodegenerative disorders. 
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Editorial Comment 



There are many potential mechanisms of brain 
damage in focal cerebral ischemia. The rapid loss of 
neuronal ATP results in a loss of ionic homeostasis 
and a drop in membrane potential to the point where 
voltage-dependent /V-methyl-D-aspartate and Na' 
channels open, causing an influx of Na' to initiate a 
new round of depolarizing events. Several studies 1 - 2 
have examined the role of tetrodotoxin-sensitive ion 
channels in animal models of hypoxic-ischemic neu- 
ronal damage and concluded that Na 1 influx is an 
important initiating event leading to anoxic damage. 
A recent review on noninactivating Na' currents 
suggests that an altered state (perhaps phosphoryla- 
tion) of relatively few voltage-dependent Na 1 chan- 
nels could be responsible for sustained (seconds to 
minutes) Na + influx. 3 In the present study, the authors 
have examined lamotrigine as a potential neuropro- 
tection and suggest that it may have utility as a Na 1 
channel blocker and glutamate release inhibitor. The 
current study from this laboratory is the most recent 
in a series of new efforts devoted to exploring modu- 
lation of Na + channels to prevent glutamate release. 
The clinical significance of targeting an earlier event 
in the ischemic cascade (glutamate release) would be 
to augment or supplement therapies that are specifi- 
cally directed against glutamate receptors, since there 



are few existing therapeutics that can embrace both 
modalities. 7 Additionally, augmented therapies may 
help to rescue the noncortical areas that arc difficult 
to protect in focal ischemia models. 

Most ischemic glutamate release is thought to be 
nonvesicular in nature, arising from the reversal of the 
electrogenic, Na + -dependent, Ca^-indepcndcnt glu- 
tamate transporter. During ischemia, Na' influx and 
the resulting ionic imbalance will initiate reversal of 
the glutamate transporter, causing release of cytosolic 
glutamate. As mentioned previously, 3 sustained Na + 
currents are often seen to contribute to oscillations in 
membrane potential independent of action potentials 
and could initiate ischemic damage. By modulating 
the activity of neuronal Na + channels, lamotrigine 
may prevent excessive depolarizations and serve to 
limit the excitotoxic glutamate release. 

Lamotrigine and the related BW619C89, while hav- 
ing significant therapeutic activity, should be followed 
by more robust compounds because the effectiveness 
of lamotrigine's posttrcatment paradigms dwindled 
with elapsed time after infarct. The total lack of a 
protective effect at the higher dosage of 50 mg/kg 
could have been due to the noted hypotension or 
cross-reactivity at Ca 2+ channels, and motor impair- 
ment was reminiscent of the ataxic effects of MK-SO'l. 
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It will be interesting to see what beneficial effects 
lamotriginc may have in a multiple, postocclusion 
dosing regimen. 

Paul G. Lysko, PhD 
Giora Feuerstein, MD, Guest Editors 
Department of Cardiovascular Pharmacology 
SmithKline Beecham Pharmaceuticals 
King of Prussia, Pa 
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MECHANISMS OF ISCHAEMIC DAMAGE TO CENTRAL WHITE MATTER AXONS: 
A QUANTITATIVE HISTOLOGICAL ANALYSIS USING RAT OPTIC NERVE 

G. GARTHWAITE,*| G. BROWN,* A. M. BATCHELOR,* D. A. GOODWIN* and J. GARTHWAITE* 
♦Wolfson Instititute for Biomedical Research, University College London, 1 Wakefield Street, London WC1N 1PJ, U.K. 
tThe Medicine Research Centre, Glaxo Wellcome, Gunnels Wood Road, Stevenage, Hertfordshire SGI 2NY, U.K. 

Abstract — The mechanism of ischaemic injury to white matter axons was studied by transiently depriving rat optic nerves in vitro 
of oxygen and glucose. Light and electron microscopic analysis showed that increasing periods of oxygen/glucose deprivation (up 
to 1 h) caused, after a 90-min recovery period, the appearance of increasing numbers of swollen axons whose ultrastructure 
indicated that they were irreversibly damaged. This conclusion was supported by experiments showing that the damage persisted 
after a longer recovery period (3 h). To quantify the axonai pathology, an automated morphometric method, based on measurement 
of the density of swollen axons, was developed. Omission of Ca 2+ from the incubation solution during 1 h of oxygen/glucose 
deprivation (and for 15 min either side) completely prevented the axonopathy (assessed following 90 min recovery). Omission of 
Na + was also effective, though less so (70% protection). The classical Na + channel blocker, tetrodotoxin (1 |xM), provided 92% 
protection. In view of this evidence implicating Na + channels in the pathogenesis of the axonai damage, the effects of three different 
Na + channel inhibitors, with known neuroprotective properties towards gray matter in in vivo models of cerebral ischaemia, were 
tested. The compounds used were lamotrigine and the structurally- related molecules, BW619C89 and BW1003C87. All three 
compounds protected the axons to varying degrees, the maximal efficacies (observed at 30 to 100 jxM) being in the order: 
BW61 9C89 (>95% protection) > BW1003C87 (70%) > lamotrigine (50%). At a concentration affording near complete protection 
(100 uJvl), BW619C89 had no significant effect on the optic nerve compound action potential. Experiments in which BW619C89 
was added at different times indicated that its effects were exerted during two distinct phases, one (accounting for about 50% 
protection) was during the early stage of oxygen/glucose deprivation itself and the other (also about 50%) during the first 15 min of 
recovery in normal incubation solution. 

The results are consistent with a pathophysiological mechanism in which Na + entry through tetrodotoxin-sensitive Na + channels 
contributes to Na + loading of the axoplasm which then results in a lethal Ca 2+ overload through reversed Na + -Ca 2+ exchange. The 
identification of BW619C89 as a compound able to prevent oxygen/glucose deprivation- induced injury to white matter axons 
without affecting normal nerve function opens the way to testing the importance of this pathway in white matter injury in vivo. 
© 1999 IBRO. Published by Elsevier Science Ltd. 

Key words: ischaemia, white matter, optic nerve, Na + channel, BW619C89, lamotrigine. 



In the CNS, ischaemia results in damage to both neuronal cell 
bodies/dendrites located in the gray matter and myelinated 
axons in the white matter. The overwhelming majority of 
studies into the mechanisms of ischaemic damage have so 
far concentrated on neurons in the gray matter, wherein abun- 
dant evidence suggests that excessive stimulation of gluta- 
mate receptors plays an important role in the ensuing 
pathology. 4,31 White matter appears to be comparatively 
resilient to ischaemia, 29 possibly because axons have, a rela- 
tively low metabolic rate and do not express glutamate recep- 
tors capable of mediating excitotoxic damage. 39 Nevertheless, 
axons and oligodendroglia in white matter are vulnerable in 
focal cerebral ischaemia 36 and there are situations where 
white matter is preferentially affected. One example is in 
lacunar infarcts, 3,13 which account for about 20% of stroke 
cases. Here, the degree of cognitive impairment correlates 
with the extent of white matter atrophy. 72 Pathological altera- 
tions in central white matter, which have been attributed to 
ischaemia, are recognized in the elderly, 35 specially in those 
exhibiting cognitive impairment. 2 In addition, spinal cord 
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ischaemia, caused by trauma or complications associated with 
aortic surgery, appears to affect particularly the white matter. 9,14 

Despite the recognized importance of white matter damage 
occurring as a consequence of ischaemia, little is known of 
the underlying mechanisms. One reason for this is that the 
pathophysiology of white matter has been much more difficult 
to investigate than that of neuronal cell bodies/dendrites, for 
which in v/rro tissue culture or brain slice techniques have 
been available for many years. Most of the relevant informa- 
tion on central axonai pathology has come from electro- 
physiological studies of the effects of transient anoxia on 
the subsequent ability of the isolated optic nerve to conduct 
action potentials, combined with measurements of the asso- 
ciated changes in elemental Na, K and Ca. 51,68 These investi- 
gations concluded that anoxia causes axonai depolarization 
and a loading of the axoplasm with Na + due to influx through 
voltage-dependent Na + channels; depolarization plus Na + 
loading causes the Na + -Ca 2+ exchanger to operate in 
reverse, thereby imposing a lethal axoplasmic Ca 2+ overload. 

In present experiments, we sought to determine the 
mechanisms by which the combined insult of oxygen and 
glucose deprivation (OGD) affects the viability of white 
matter axons. Despite probably being more pertinent to 
ischaemic damage than anoxia alone, this has not been 
attempted previously. OGD represents a harsher insult than 
anoxia in that axonai function is irreversibly lost more 
rapidly. 10 The presence or absence of glucose may also 
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influence the pathological pathway because, with glucose 
present, anaerobic metabolism leads to the accumulation of 
lactate and, hence, to changes in pH 43 which could affect the 
functioning of relevant proteins. 

To study the mechanism of OGD -induced white matter 
pathology, we have used the adult rat optic nerve maintained 
in vitro, 51 and have used quantitative morphometry analysis 
for assessing the integrity of the optic nerve axons, a method 
that is easier to perform and likely to be of broader utility than 
the electrophysiological techniques used previously. 

EXPERIMENTAL PROCEDURES 

Optic nerves 

Optic nerves were excised from adult Wistar rats (weighing 240 to 
280 g) after decapitation. They comprised lengths of nerve (each about 
9 mm long) running from immediately behind the eyeball to just in 
front of the optic chiasm. The nerves were incubated in Erlenmeyer 
flasks (50 ml capacity) containing 20 ml of an artificial cerebrospinal 
fluid (ACSF) solution composed of (raM): NaCl (120) KC1 (2.0), CaCl 2 
(2.0), NaHC0 3 (26), KH 2 P0 4 (1.18), MgS0 4 (1.19) and glucose (11), 
continuously gassed with 95% 0 2 /5% C0 2 . The flasks were held in a 
shaking water bath at 37°C. For the Ca 2+ -free medium, EGTA (1 mM) 
was substituted for CaCl 2 and for the Na + -fiee medium, 120 mM 
choline chloride and 26 mM choline bicarbonate replaced NaCl and 
NaHC0 3 , respectively. 

After 1 to 2 h preincubation in ACSF, OGD was imposed on test 
nerves by transferring them for different periods of time into ACSF 
lacking glucose and gassed with 5% C0 2 in N 2 . Afterwards, unless 
stated otherwise, the nerves were allowed a 90 min recovery period in 
ACSF. Modified ACSF and the test drugs were normally present from 
15 min before until 15 min after OGD, except where stated. In the 
experiments designed to examine the importance of O r and glucose- 
reiniroduction, the test compound (BW619C89) was added 2 min 
before the end of OGD in order to allow time for diffusion into the 
tissues before they were re-exposed to normal ACSF. Likewise, in 
certain experiments where it was desired to remove the compound 
during the recovery period, the final 2 min of OGD was used for 
washout. 

Histology 

Nerves were fixed for 2 h in a mixture of 4% paraformaldehyde and 
2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4), and postfixed 
with 1% osmium tetroxide for 1 h. After dehydration the tissues were 
embedded in Durcupan resin in such a way that half of each nerve 
could be sectioned longitudinally and the other half transversely. Semi- 
thin (1 jim) sections were stained with either Toluidine Blue or 
Thionine for light microscopy and ultrathin sections were stained 
with uranyl acetate and lead citrate. 

To quantify the extent of axonal pathology under the light micro- 
scope, the degree of distension of the axon profiles was measured. 
Morphometric measurements from cross-sections of nerves were 
made using the Seescan image analysis system. Glial cell bodies, 
glial processes and blood vessels were excluded from the analysis. 
Because the cross-sections of optic nerve axons are not uniformly 
circular, we measured their Feret diameter, which is the mean of 36 
diameters measured in 5° intervals. The diameter of axons from four 
fields, each field covering an area of 2,500 p-m 2 , was measured. The 
fields in all cases were at the periphery of two axes drawn through the 
centre of the nerve, at right angles to each other; this gives representa- 
tive results because, in the rat, fibres of various diameters are homo- 
geneously distributed across the nerve. 7 In the case of oval nerves, the 
short and the long axes were used. In general, a count of the density of 
axons having an average internal diameter (i.e. myelin excluded) 
above 2.5 u,m was used as the index of damage (see Results). The 
data are expressed as mean number of axons per 10 4 u,m 2 (±S.E.M.) 
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in fields from five to 39 nerves in two to 18 separate experiments. For 
each test condition in a given experiment, there were two to three 
nerves, each from a different animal. Statistical evaluation was done 
using Student's f-test; a P-value of less than 0.05 was considered 
significant. 

Electrophysiology 

The isolated optic nerve was installed in a three-compartment, 
grease-gap recording bath similar to the one used for monitoring 
synaptic transmission in brain slices. 17 The main body of the nerve 
was contained in the central chamber and the two ends passed into the 
side chambers through greased holes in the partitions. One end was 
stimulated with rectangular voltage pulses (0.05 Hz, 70 to 1 10 V 
amplitude, 50 u,s width) using a bipolar twisted-wire electrode. The 
other end was crushed at the point where it crossed the grease seal to 
ensure that the action potentials recorded from this chamber (relative to 
the middle chamber) were monophasic. The central chamber (0.5 ml 
capacity) was perfused with ACSF at 2-3 ml/min and the whole 
chamber and the perfusate were kept at a temperature of 37 ± 0.5°C 
by a heated water jacket. The two side chambers were filled with ACSF 
but were not perfused. Compound action potentials were recorded 
differentially using Ag/AgCl electrodes embedded in agar, amplified 
(Grass P16) and sampled at 200 kHz by a digital storage oscilloscope 
interfaced with a personal computer. Traces shown are an average of 
three to five sequential responses. The area under the compound action 
potential 60 was calculated from just after the stimulus artefact to the 
end of the oscilloscope sweep. Statistical evaluation was done using 
Student's *-tesL 

Materials 

BW619C89, BW1003C87 and lamotrigine were synthesized by the 
Wellcome Research Laboratories (Beckenham, U.K.). Osmium tetr- 
oxide was from Agar Scientific (Stanstead, U.K.), Tetrodotoxin was 
from Latoxan Laboratories (Rosans, France). Other chemicals were 
purchased from either Sigma- Aldrich (Poole, Dorset, U.K.) or BDH/ 
Merck (Poole, Dorset, U.K.). 

RESULTS 

Light and electron microscopic observations 

Rat optic nerves incubated under control conditions in vitro 
for at least 5 h showed very good preservation, in both the 
light (Fig. la) and electron microscopes (Fig. 2a). No major 
differences were discernible compared with nerves fixed in 
situ (see also Ref. 67). 

Nerves were exposed to OGD for different periods of time 
(30, 45 and 60 min) followed, in each case, by 90 min of 
recovery in normal ACSF. This resulted in a graded axono- 
pathy with the 60-min exposure causing the most severe 
effects, as judged by persisting axonal swelling. In the light 
microscope, axons in the treated nerves (60 min OGD plus 
90 min recovery), were swollen and distended, giving a lacy 
and fenestrated appearance to the nerve (Fig. lb). Ultrastruc- 
turally, most axons showed advanced pathology. In cross- 
sections they appeared as large holes, containing some folli- 
cular debris (Fig. 2b) and swollen degenerating mitochondria, 
although the myelin sheaths generally kept their periodicity. 
Some cell death was also observed but, due to the advanced 
state of this degeneration, the identification of the cells (as 
astrocytes or oligodendrocytes) was not possible. To further 
check that the axonal damage was irreversible, some nerves 
were given a more prolonged (3h) recovery period and 



Fig. I. Light micrographs of incubated optic nerves, (a) Cross-section of a control nerve incubated for 6h; arrow indicates oligodendrocyte, arrowhead 
indicates astrocyte, b indicates blood vessel, (b) Nerve given 1 h of OGD plus 90 min recovery shows numerous swollen axons. Hie inset shows a nerve which 
was subjected to 1 h of OGD without recovery, (c) Nerve exposed for 1 h to veratridine (20 u-M) showing a pathology similar to that produced by OGD. (d) 
Nerve subjected to OGD in the presence of TTX (1 \xM). (e) Nerve subjected to OGD in Ca 2+ -free medium. Scale bar = 10 y.m. (f) Nerve subjected to OGD in 

the presence of BW619C89 (30 yM). 
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examined under the light microscope. The axonal swelling 
did not diminish but, instead, was more exaggerated (« = 4; 
results not shown). 

Morphometry was used to quantify the degree of damage. 
In control incubated optic nerves, the distribution of axonal 
Feret diameters (Fig. 3a), using a bin size of 0.2 u,m, showed a 
modal peak at 0.4 to 0.6 u*m, a tail towards larger diameters, 
and almost no fibres larger than 5 ixm. In nerves subjected to 
60 min OGD (plus recovery), there was a reduction in the 
frequency of smaller diameter axons (<1 jim) and an 
increased frequency of larger axons (Fig. 3a). Superficially, 
the extent of the shift in size did not appear as marked as 
might have been anticipated from the histological differences 
observed (Figs lb, 2b) or from an 80% loss of viable axons 
incurred following 60 min of OGD, 10 Closer inspection using 
longitudinal sections of OGD-treated nerves, however, 
showed that the swelling along the axonal length (where suffi- 
cient length was contained in a section) was focal (Fig. 3c); in 
between the swellings, the axons tended to be dark and 
shrunk. This "string of pearls" appearance, contrasting with 
that of axons in control nerves (Fig. 3b), is found in degen- 
erating white matter axons in vivo 42 and it provides an expla- 
nation for the less-than-expected shift in the distribution 
curves when cross-sections are studied (Fig. 3a, inset). 

Based on the differences in size distributions, measurement 
of the density of axons having cross-sectional Feret diameter 
above 2.5 \im provided a simple yardstick of axonal damage. 
Analysis of nerves subjected to 0, 30, 45 and 60 min of OGD 
(plus 90 min recovery) in this way gave indices of axonopathy 
of 22 ± 2, 33 ± 3, 101 ±9 and 168 ± 7/10 4 u,m 2 , respectively 
(n = 6). Subsequently, 60 min of OGD was used routinely as 
this produced an advanced state of axonal degeneration and 
provided a wide window for quantifying protective measures. 

Nerves that had been exposed to OGD (60 min) without a 
subsequent recovery in normal ACSF were also examined. By 
light microscopy, the axons appeared appreciably less 
damaged, the major effect being that they became more 
uniformly circular in shape (Fig. lb, inset) compared with 
controls. Morphometry indicated no significant difference 
from control nerves in the numbers of axons having diameters 
above 2.5 |xm (26 ± 3/10 Vm 2 compared with 21 ±21 
10 4 M*m 2 in controls, n = 6 to 7). When the criterion used 
for measurement was reduced (Feret diameter above 
1.5 jxm), there was a significant increase (188 ±14/ 
10 4 jun 2 ) compared with controls (90 ± 9/10 4 |xm 2 , n — 1 to 
9, P< 0.001). 

Ionic mechanisms of oxygen and glucose deprivation-induced 
axonopathy 

When nerves were exposed to OGD in the absence of Ca 2+ 
in the bathing medium, the axonopathy was eliminated (Figs 
le, 4). Inclusion of nifedipine (5, 10 or 20uJvl), an organic 
blocker of L-type Ca 2+ channels had no effect (n = 4 for each 
concentration, results not shown). 

Total replacement of Na + with choline during OGD 
reduced the pathology by 73% (Fig. 4) whereas tetrodotoxin 
(TTX, 1 jiM) was significantly more effective in that over 
90% of the axonal swelling was eliminated (Figs Id, 4). 
In view of these findings implicating Na + influx and Na + 



channels, we tested if veratridine (20 uM)» an alkaloid 
which keeps Na + channels in open state, was able to induce 
axonopathy in the absence of OGD. The results showed that 
OGD-type pathology could be partially replicated (Figs lc, 4) 
by incubating the nerves for 1 h in normal ACSF containing 
veratridine. 

Two conditions that result in non-specific optic nerve 
depolarization and loss of the conducted action potential 26,59 
were also tested. Exposure of the nerves to ouabain (1 mM), 
an inhibitor of the Na + -K + -ATPase, for 1 h (followed by 
90 min recovery) had no detectable effect on the axons, as 
judged by light microscopy, although glial cells appeared 
dark and shrunken (n = 4, results not shown). Nerves incu- 
bated with 30 or 50 mM K + (1 h plus 90 min recovery) 
appeared normal; when examined without recovery, however, 
intense glial swelling was observed (n= 4, results not shown). 

Effect of neuroprotective Na + channel inhibitors 

An important objective is to identify targets for protecting 
white matter in vivo from ischaemic damage, without inter- 
fering adversely with normal function. Various drug classes 
(local anaesthetics, anticonvulsants, antiarrythmics, Na + - 
Ca 2+ exchange inhibitors) have previously been examined 
for their protective effects against anoxia-induced optic 
nerve malfunction. 51,68 Given evidence for the involvement 
of voltage-dependent Na 4 " channels in OGD-induced axono- 
pathy (above) we have tested for protective actions of 
three Na + channel inhibitors shown previously to be effective 
in protecting cerebral gray matter from ischaemic damage, 
namely the compounds BW619C89, BW1003C87 and 
lamotrigine. 62,65 

Inclusion of BW619C89 (100 uJvl) during OGD (and for 
15 min either side) led to a complete protection of the axons 
as judged by light and electron microscopy (Figs If, 2c). 
Morphometric measurement (Fig. 5) showed that the protec- 
tion was concentration-dependent, with half-maximal effects 
occurring at 3 |xM and complete protection at 100 ^lM. The 
compound BW1003C87 also protected the axons but its effi- 
cacy was less than that of BW619C89 in that the maximum 
protection achieved (at 30 (xM) amounted to about 65%. 
Lamotrigine produced significant protection but was the 
least efficacious since maximal protection (at 100 to 
300 uJvl) was only 40 to 50% (Fig. 5). 

To test the ability of these agents to interfere with normal 
nerve function, compound action potentials were recorded 
from the isolated optic nerves using a grease-gap recording 
technique. As in previous studies, 60 the response comprised 
three main components appearing at different latencies after 
the stimulus (Fig. 6). Responses were stable for at least 1-3 h 
after an initial settling-down period (20-30 min) and so with 
this method it was unnecessary to correct for changes in the 
extracellular resistance (cf. Ref. 56). Compounds were 
applied until a stable effect was achieved or for at least 
20 min if no change in the compound action potential was 
observed. The compound BW619C89 caused a small reduc- 
tion of the peak amplitude in some nerves at the highest 
concentration used (100 |xM; Fig. 6a) although there was no 
significant decrease in the total area under the compound 
action potential (Fig. 6d). Lamotrigine had no significant 



Fig. 2. Electron micrographs of adult rat optic nerves maintained in vitro, (a) Cross-section of nerve maintained in control conditions, (b) Nerve given 1 h of 
OGD followed by 90 min of recovery, (c) Nerve given OGD in the presence of BW619C89 (30 \iM). Arrows indicate mitochondria. Scale bar = 1 um 
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-t-TTX(lMM) oNa* OCa* 
Fig. 4. Ionic mechanism of OGD-mediated axonopathy. Hie index of 
axonopathy represents the number of axons with Feret diameter above 
2.5 u.m/10 4 u.m 2 . Values are means ±S.E.M. (n = 6-12). *P< 0.0001 vs 
OGD; + P <0.04, ++ P< 0.001, ++f P< 0.0001 vs control nerves. 



effect over the concentration range tested (Fig. 6b, e). In 
contrast, BW1003C87 had significant inhibitory effects on 
the area under the compound action potential at 100 uJvl, 
but not at 30 jxM, despite a reduction in the peak amplitude 
(Fig. 6c, f). The compound action potentials were completely 
abolished by 1 uivl TTX. 

Experiments were then conducted to identify the period 
during which this type of agent needs to be present in order 
to achieve protection. These tests used BW619C89 since it 
proved to be a highly efficacious compound whose effects 
(unlike those of TTX) are readily reversible. 71 As before, 
the presence of BW619C89 during OGD and for 15 min 
either side achieved complete protection (Fig. 7a, b; 
column/row B). Omission of the 15-min preincubation period 
with the compound did not diminish its protective effect 
(column/row C). About 70% of the pathology could still be 
prevented if BW619C89 was introduced 20 min after the 
induction of OGD (column/row D). Addition of BW619C89 
after 30 min OGD resulted in about 50% protection (column/ 
row E), a result that was also obtained with addition of the 
compound after 40 min (column/row F) or 50 min (column/ 
row G). Interestingly, a similar level of protection (58%) was 
also afforded if BW619C89 was present only during the first 
15 min of the recovery period (column/row H). This relatively 
short part of the recovery period appeared critical because if 
the compound was present throughout the 90 min recovery, 
mere was no further protective effect (51 ± 7%; n = 10). If 
BW619C89 was included only during OGD, the degree of 
protection achieved was 62% (column/row I). 

DISCUSSION 

Methodological considerations 

The primary method used to assess the integrity of optic 
nerve axons was histology combined with a quantitative 



morphometry analysis of the dimensions of axonal cross- 
sectional profiles. This is logical in view of abundant previous 
evidence that axonal swelling characterizes irreversible 
axonal pathology following metabolic inhibition. 67 That the 
damage was irreversible in our experiments is indicated both 
by the severe disruption of the axonal cytoskeleton and mito- 
chondria and by the finding that the swelling did not subside if 
the nerves were given extended recovery periods. In agree- 
ment, similar periods of OGD have been shown in other 
studies to give irreversible loss of optic nerve axon function. 10 
Morphometry proved to be a convenient and rapid method for 
quantifying the extent of damage. -When applied to control 
nerves, the skewed distribution of axon diameters (Fig. 3) 
resembled closely that found previously by light and electron 
microscopy of rat optic nerves fixed in situ. 6 * 1 -* 5 * 40 These 
previous studies reported a peak modal diameter of 0.6 to 
0.7 u.m (excluding myelin) based on measurement of the 
mean of the maximum and minimum diameters. The 
slightly smaller value found in our studies (about 0.5 u.m) 
is likely to be the consequence of measuring the Feret 
diameter (the mean of 36 diameters): in oblong structures 
(like many normal optic nerve axons) this measure will 
inevitably be weighted towards the smaller diameters. For 
nerves subjected to OGD, the chosen parameter for 
assessing damage was a mean Feret diameter of 2.5 u,m or 
above. This only accommodates a minority of the axon 
profiles in a given cross-section (14% compared with 1.6% 
of axons in control nerves; Fig. 3a). As discussed above (see 
Results), however, the proportion of axons that are damaged 
will be greatly underestimated using this criterion because 
their swelling was focal. The method would also exclude 
damaged axons whose Feret diameter falls below 2,5 jxm 
but as these were not detected by direct visual inspection of 
the same sections (cf. nerves subjected to OGD without 
recovery; Fig. lb, inset), this is not considered likely to distort 
the results. Hence, we conclude that the method is a reliable 
one for quantifying axonal injury. In support of this, we have 
recently developed an alternative assay based on axonal 
function and find essentially identical results to those reported 
here. 16 

Ionic requirements for oxygen and glucose deprivation- 
induced axonopathy and the role of Na + channels 

Ionic substitution experiments showed that OGD-induced 
axonal damage could be completely prevented if the insult 
was imposed in the absence of extracellular Ca 2+ and that 
removal of Na + was partially (70%) effective. A dependence 
on extracellular Ca 2+ agrees with what has been found 
previously for injury to optic nerve axons caused just by 
oxygen deprivation 58 and implies (cf. Ref. 54) that irrever- 
sible axonal damage results from a Ca 2+ overload in the 
axoplasm. With the anoxic optic nerve, Na + removal was 
relatively more efficacious than in our experiments with 
OGD, since this manoeuvre allowed 90% or more recovery 
of the compound action potential. 60 The less than maximal 



Fig. 3. Morphometric analysis of optic nerve axonopathy. (a) The % frequency distribution of axons of different Feret diameter in control nerves (filled circles) 
and nerves subjected to 1 h of OGD plus 90 min recovery (open circles). The bin widths were set at 0.2 u.m. Diameters less than 0.2 \un were below the 
resolution of the imaging apparatus and are omitted; the first data points thus correspond to diameters falling in the range of 0.2-0.4 p.nx Data are the 
means ± S.E.M. (four nerves); the measurements were made in four fields containing a total of about 4000 axons in control nerves and roughly half thai number 
in OGD-treaied nerves. *Sum of profiles of Feret diameter > 5 urn The inset depicts how focal swellings along the length of the axons (see c) would appear in 
cross- section, (b) Longitudinal section from a control nerve showing axons with relatively uniform diameter, (c) Longitudinal section from a nerve subjected to 
1 h of OGD and 90 min recovery. Some of the axon profiles are coloured to show the focal nature of the swellings. Scale bar (b, c) = 10 \im. 
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[BW619C89)(nM) [BW1003C87] (pM) [Lamotrigine] (jiM) 

Fig. 5. Axonoprotective effects of different concentrations of Na + channel inhibiting compounds against OGD. Data are means ± S.E.M. of the index of 
axonopathy expressed relative to nerves exposed to OGD alone (n = 3-39). *P< 0.01, **P < 0.001, ***P < 0.0001 vs OGD. 



effect seen in our experiments may be explained if incubation 
of the nerves in Na + -free ACSF leads to temporary rise of the 
intracellular Ca 2+ concentration, due to reversed Na + -Ca 2+ 
exchange, 41 the residue of which sums with the intra- 
cellular Ca 2+ increase occurring through Na + -independent 
pathways during OGD, to an extent sufficient to produce 
limited damage. The existence of a Na + -independent 
Ca 2+ influx pathway is suggested from experiments on the 
anoxic optic nerve 54 and it may be more significant when 
glucose is additionally absent (as in our experiments), since 



energy-dependent Ca 2+ efflux pathways would not be opera- 
tional. Hence, our findings are consistent with the mechanism 
of OGD-induced axonopathy being the same as that caused by 
anoxia, 51,68 namely that influx of Na + causes secondary load- 
ing of the axoplasm by Ca 2+ through reversed operation of the 
Na + -Ca 2+ exchanger, which appears to be expressed in high 
density in optic nerve axons. 49 Interestingly, compression- 
induced injury to spinal cord axons is also Na + -dependent 
but, in this case, the Na + -H + exchanger appears to be more 
pathologically relevant than the Na + -Ca 2+ exchanger. 1 This 
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Fig. 6. Effect of Na + channel inhibitors on the optic nerve compound action potential, (a-c) Representative traces evoked by electrical stimulation of the nerve 
at the time indicated by the vertical arrow. The stimulation artifact (partially blanked for clarity) is followed by a typical three-component potential. In each set 
of traces are superimposed the control waveform, the waveforms in the presence of different concentrations of drug, and the waveform after perfusion of TTX 
(1 h^M). Voltage scale bar= 1 mV; time-scale bar (a) also applies to (b) and (c). (d-f) Data (means ±S.E.M; n = 4) were quantified by measuring the area 
under the compound action potential (CAP) and expressed relative to the control area. *P < 0.01. 
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Fig. 7. Intervals during which BW619C89 confers protection to optic nerve 
axons subjected to OGD. The experimental conditions for each lettered data 
column (a) are indicated in protocol underneath (b). The values are the 
mean index of axonopathy ±S.E.M. (eight to 12 nerves). *P< 0.001- 
0.0001 vs control; + P< 0.001 -0.0001 vs OGD. 

indicates that interfering with the routes of Na + entry during 
trauma or ischaemia may provide a more generally applicable 
strategy for protecting white matter than targeting specific 
ion-transporting proteins. 

In this regard, the substantial (>90%) inhibition of OGD- 
induced axonal damage by TTX, coupled with the partial 
replication of the damage (in normal ACSF) by veratridine 
suggests that voltage-dependent Na + channels are the prin- 
cipal conduits for pathological Na + entry. Likewise, TTX 
has been shown to confer protection to anoxic optic nerve 
axons 60 and to traumatized spinal cord axons in vitro. 1 
Classical Na + channels become mostly inactivated during 
sustained depolarization, as occurs following metabolic inhi- 
bition in the optic nerve, 27 Optic nerve axons, however, 
express non-inactivating TTX-sensitive Na + channels 59 and 
it is these that appear to be responsible for much of the Na + 
influx (and associated Ca 2+ influx) during anoxia. 54 It is 
reasonable to suppose that this population of Na + channels 
are also the operative ones during OGD. As the axons 
survived depolarization due to treatment with the Na + - 
K + -ATPase inhibitor, ouabain, 26 or elevated extracellular 
K V 9 indicates that energy deprivation is likely to be a neces- 
sary condition for this mechanism to translate into axonal 
damage. 

Pharmacological intervention in oxygen and glucose depri- 
vation-induced axonopathy 

A variety of pharmacological agents have been tested for 



their ability to reduce axonal injury brought about by anoxia. 
In one study, blockers of L- and N-type voltage-gated Ca 2+ 
channels were shown to offer limited protection 12 (but see 
Ref. 55). In the present investigation, the L-type channel 
blocker, nifedipine (5 to 20 jjlM) was unable to protect against 
OGD and previously neither nifedipine (5 uJvl) nor the related 
agent, nomodipine, was found to reduce anoxia-induced 
changes in elemental Na, K or Ca in the axoplasm. 54 

Other types of intervention tested earlier on optic nerve 
include local anaesthetics, 57 classical anticonvulsants (pheny- 
toin, carbamazepine and diazepam 11 ) and antiarrhythmics. 50 
These different agents, which have in common the ability to 
block voltage-dependent Na + channels, were found to protect 
optic nerve from the effects of anoxia to differing extents. 
While lending support to the possibility of pharmacological 
intervention through Na + channel blockade, only one 
compound, at one concentration, was found to be completely 
efficacious without having the unwanted effect of depressing 
normal axonal conduction. This was the quaternary local 
anaesthetic, QX-314 (0.3 mM 57 ). QX-314 has the important 
disadvantage of poor membrane permeability, which impedes 
its access to the intracellular compartment needed for Na + 
channel blockade. 37 

We chose to examine compounds that are lipophilic and so 
traverse membranes easily. These were the novel antiepileptic 
drug, lamotrigine, and two structurally-related molecules, 
BW619C89 and BW1003C87. Lamotrigine itself has 
previously been reported to be neuroprotective towards gray 
matter in animal models of focal and global ischaemia. 5,47,69 
Towards OGD-induced axonopathy in optic nerve, lamotri- 
gine was only partially effective, reducing the damage by, at 
most, 50%. This is similar to the degree of protection against 
anoxia in the optic nerve afforded by phenytoin and carbama- 
zepine 11 but, in contrast to these drugs, lamotrigine did not 
affect normal axonal conduction, even at high concentrations, 
which is consistent with the lack of side-effects of lamotrigine 
in humans. 38 It should be noted, however, that the lowest 
concentration of lamotrigine giving significant neuroprotec- 
tion in our experiments (100 |xM) is appreciably higher than 
the cerebrospinal fluid concentration in epileptic patients 
(about 4 |j,M 8 ). Neuroprotective doses of lamotrigine in 
animal models of global cerebral ischaemia, likewise, have 
usually been five- to 10-fold higher than those required for 
anticonvulsant effects 65 suggesting that the concentrations 
needed to protect white matter and gray matter are similar. 

The compound BW1003C87 also has potent lamotrigine- 
like anticonvulsant activity in animal models 33 - 44 but it is 
relatively more effective than lamotrigine as a neuroprotec- 
tant in models of focal cerebral ischaemia, providing 50 to 
60% reduction in total infarct volume 20,32 as against a maxi- 
mum of 3 1 % for lamotrigine. 47 It is also effective in models of 
transient global ischaemia. 1832 Against OGD-induced optic 
nerve axonopathy, BW1003C87 was able to protect maxi- 
mally by 70%. Unlike lamotrigine, however, BW1003C87 
did affect normal axonal conduction at higher concentrations 
but, this was slight at the lowest concentration giving the 
maximal protection achievable with this compound (30 \lM). 

The most interesting compound to emerge from the present 
investigation was BW619C87. This molecule is not known to 
have anticonvulsant properties but it has proved effective in 
several laboratories in models of focal and global ischaemia, 
as well as of traumatic brain injury. 19,24,25 ' 45,46 ' 61 ' 64 BW619C89 
has also undergone early clinical trials in human stroke 
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patients. 54 In the optic nerve, BW619C89 was able to give 
complete protection against OGD without significantly affect- 
ing axonal conduction. Moreover, the experiments with 
B W619C89 indicated that there are two phases of the patho- 
logical process during which the compound exerts beneficial 
effects (Fig. 7). One is during OGD itself, specifically during 
the first 20 min, because addition of BW619C89 after this 
time gave a similar degree of protection (about 50%) to that 
observed when introduction of BW619C89 was delayed until 
the end of OGD. In other words, the protection seen when 
BW619C98 was added 30 min or more into OGD could be 
explained by its effects during a second phase occurring 
during the first 15 min after reinstatement of ACSF. About 
50% of the protection given by BW619C89 could be 
accounted for by its effects during this early part of the recov- 
ery period. Other evidence pointing to the importance of 
mechanisms occurring post-OGD to the final pathological 
outcome comes from the histological finding that the axonal 
swelling was greatly enhanced following the recovery period 
compared with just after OGD (Fig. lb). Likewise, measure- 
ments of the elemental composition of optic nerve axons 
subjected to anoxia indicated that severe ionic deregulation 
(particularly of Ca 2+ ) takes place during reoxygenation. 53 The 
presence of BW619C89 throughout OGD (with removal of 
the compound at the end of OGD) did not appear to prevent 
the vulnerability of the axons to "reperfusion" with oxygen- 
and glucose-containing ACSF, as the protection under 
these circumstances was only about 60%. Hence, potentially 
damaging processes are set in motion during OGD, despite 
the presence of BW619C89. Persisting ionic derangements 
are likely to be involved since previous work has shown 
that, during 60 min of anoxia, marked alterations in the 
contents of Na, K and CI in axonal cytoplasm and mito- 
chondria developed, despite the presence of TTX. 54 These 
would be expected to be more intense when glucose is also 
absent, as in our experiments. "Reperfusion" may then 
provide the conditions for the translation of the persisting 
ionic derangements into irreversible damage through, for 
example, mitochondrial dysfunction and free radical genera- 
tion (see Ref. 53). The capacity of BW619C89 to protect the 
axons from this "reperfusion" damage is interesting as it 
implies (see below) an involvement of ion channels in this 
aspect of the pathological mechanism. 

Mechanisms underlying pliarmacological protection 

In view of the protection against OGD-induced damage 
provided by lamotrigine, BW1003C87 and, especially, 
BW619C89, it is important to understand their relevant 
mechanism of action. The compounds were originally 
described as "glutamate release inhibitors" but their ability 
to inhibit glutamate release provoked by the Na + channel 
opener, veratrine, but not that by elevated K + , pointed to an 
action on Na + channels, a hypothesis that was supported by 
early electrophysiological and binding studies (see Ref. 65). 
Detailed investigation of two of the compounds, lamotrigine 
and BW619C89, showed them to be use- and voltage-depen- 
dent inhibitors of native neuronal Na + channels in hippo- 
campal neurons and of type IIA Na + channels (a channel 
subunit found abundantly in the CNS) expressed in a cell 
line. 70,71 The conclusion was that the drugs acted by stabiliz- 
ing the inactivated state(s) of the Na + channel with estimated 
affinities of 12 pM for lamotrigine and 3 u,M for BW619C89. 



In view of the evidence that Na + channels are required for 
anoxia- and OGD-induced axonopathy in optic nerve, it is 
reasonable to suppose that the protective action of the drugs 
is a consequence of a Na + channel inhibiting effect. 

The question then arises as to why compounds having this 
action in common, exhibit markedly differing axonoprotec- 
tive efficacies. One factor to be considered is the identity of 
the relevant Na + channel. As mentioned above, for anoxia- 
induced optic nerve damage, a non-inactivating TTX -sensi- 
tive Na + channel appears to be of particular importance. 59 It is 
not clear if this represents a distinct channel type or the func- 
tional state of a proportion of a homogenous population of 
channels. With respect to the latter possibility, Na + currents 
(through type IT A channels) that normally inactivate almost 
completely, can become persistent as a result of interactions 
with G-proteins 28 and hypoxia has been shown to increase 
persistent Na + currents in cardiac myocytes 23 and hippo- 
campal neurons. 22 Regardless of its origin, the pharmaco- 
logical properties of the persistent current have not been 
investigated and so it is possible that the differential protec- 
tive efficacy of the Na + channel inhibitors tested may reflect 
differential block of the persistent Na + current. 

The other consideration is whether activities at other 
channels could contribute or not. Neither lamotrigine nor 
BW619C89 act specifically on Na + channels (no relevant 
information on BW1003C87 is available). Inhibitory activity 
of both drugs, in the concentration range 10-100 \jM 7 on N- 
anaVor P-type Ca 2+ channels have been reported. 3a4S ' 66 One 
study has suggested that Ca 2+ channels (of the L- and N-type) 
are involved in anoxic injury to optic nerve axons, 12 in 
contrast with a previous conclusion. 55 Hence, it cannot be 
discounted that Ca 2+ channel blockade by lamotrigine and 
BW619C89 contributes to their axonoprotective effects in 
OGD, although no such actions of BW619C89 at concentra- 
tions less than 10 uM, which give more than 50% protection 
to axons in our experiments, have been reported. In addition, 
lamotrigine (100 |xM) has been reported to increase a transi- 
ent outward K + current in the hippocampus, 21 whereas 
BW619C89 inhibits outward K + currents to some extent 
(30% with 10 pM BW619C89 at -60 raV membrane poten- 
tial 72 ). Anoxia-induced loss of optic nerve axon function 
appears unaffected by several K + channel blockers, but 
significant restoration was recently obtained using caesium 
ions (5 mM), an effect that was interpreted to indicate that 
blockade of inward rectifier channels is axonoprotective. 52 
The possibility that a component of the protection by 
BW619C89 against OGD could be ascribed to K + current 
inhibition will, therefore, need to be examined. 

While a contribution of other possible actions of the drugs 
cannot be discounted, the fact that BW619C89 gives protec- 
tion in concentrations known to inhibit Na + channel function, 
and does so to an extent comparable with that attained using 
TTX, indicates that Na + channel inhibition is likely to be the 
principal mechanism of relevance. 

CONCLUSIONS 

In the present study, OGD-induced axonopathy in isolated 
optic nerve was dependent on extracellular Ca 2+ and Na + , 
and could be inhibited most effectively by TTX and 
BW619C89, and to a lesser degree, by lamotrigine and 
BW1003C87. The findings are consistent with a mechanism 
in which metabolic compromise results in a loading of the 
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axoplasm with Na + through non- inactivating, voltage-depen- 
dent Na + channels and, subsequently, to reversed operation of 
die Na + -Ca 2+ exchanger. Moreover, it is shown through the 
use of the compound BW619C98 that it is possible to prevent 
completely OGD-induced axonal damage without compro- 
mising the ability of the axons to conduct action potentials 
normally. This result indicates that it should be feasible to 
protect white matter axons from the effects of ischaemia, 
without imposing serious side effects. The protective effects 
of Na + channel inhibitors in vivo against gray matter ischae- 
mia has been well documented. 62 * 65 Much less has been done 
in vivo to explore the possible benefits of this approach for 
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protecting white matter. Indications that the in vitro findings 
are likely to be pertinent, however, stem from experiments 
showing that in an in vivo model of spinal cord injury, local 
application of TTX resulted in a sparing of white matter 
and a reduction in associated functional deficits. 63 Since 
BW619C89, unlike TTX, can be safely delivered systemi- 
cally and has good bioavailability, it is likely to be an impor- 
tant tool for testing the relevance of the present findings to 
white matter damage in vivo. 
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Abstract 



Apoptotic elimination of pathogenic immune cells is considered one of several regulatory mechanisms in inflammatory diseases. To explore 
the potential relationship between detection of apoptotic cells in the cerebrospinal fluid (CSF) and different types of neurological diseases, we 
examined cellular apoptosis at the stage of DNA fragmentation, defined by morphological criteria and a molecular biology technique (m situ 
tailing) During a first phase, 3446 CSF samples derived from admitted patients suffering of inflammatory (IND) and non-inflammatory 
neurological diseases (NIND) were analysed in the course of routine clinical diagnostics. First, all specimens were inspected for cells displaying 
atypical morphology following established morphological criteria of intact lymphocytes or apoptosis. In a second phase, 76 additional CSF 
samples collected from individuals according to investigated clinical groups were analysed in parallel by means of in situ tailing, which indicates 
the advanced degree of apoptotic demise through labelling of controlled DNA fragmentation. 

No apoptotic processes were detected by either analytical method in CSF of clinically distinct diseases, amongst others multiple sclerosis (MS). 
This indicates that the detection of apoptotic cells in CSF during clinical routine diagnostics does not have sufficient explanatory power for the 
investigated conditions. Furthermore, based on immunohistochemistry, the proportion of CSF lymphocytes expressing the pro-apoptot.c receptor 
Fas (CD95) tended to be higher in NIND patients compared to patients with other IND and MS, but the difference was not statistically significant. 
In contrast, expression of the an ti -apoptotic protein Bcl-2 did not differ between investigated patient groups. 
O 2007 Elsevier B.V. All rights reserved. 

Keywords: Cerebrospinal fluid; Apoptosis; in situ tailing; Immunohistochemistry; Fas; Bcl-2 



1. Introduction 

The immune surveillance of the human body is operative in 
the systemic immune compartments and also in so-called 
immunologically privileged sites such as the central nervous 
system (CNS). Activated immune cells patrol the CNS and can 
induce profound damage when they 'encounter' their specific 
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antigen in the context of appropriate restriction molecules 
(Wekerle et al., 1 986; Hickey, 2001 ). This illustrates the fact that 
specialized anatomic barriers, such as the blood-brain barrier 
and blood-CSF barrier (Engelhardt and RansohofT, 2005), do 
not guarantee the absence of immune- mediated damage in the 
brain and spinal cord, respectively (Perry et al., 1995). 
Furthermore, it has become clear that T cell trafficking within 
the CNS can be uncoupled from the development of diseases 
and that under certain conditions it can be used for therapeutic 
approaches (Sampson et al., 1 996). On the other hand, multiple 
mechanisms operate to ensure rapid and effective termination of 
inflammation, e.g. via anergy or apoptosis (programmed cell 
death) of (autoreactive) immune cells. The importance of 
apoptosis for the homeostasis of the immune system as well as 
for the limitation of autoimmune diseases has been reviewed 
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extensively (Cohen et al., 1992; Gold et al., 1997; Bellgrau 
and Duke, 1999; Vaux and Flavell, 2000), e.g. in neurol- 
ogical conditions such as the chronic inflammatory disease 
of the CNS multiple sclerosis (MS) (Merrill and Scolding. 
1999). 

The cerebrospinal fluid (CSV) is an extension of the ex- 
tracellular space of the brain parenchyma, thus to some extent 
it reflects chemical processes taking place around neurons, 
glial cells and blood-brain and blood-CSF barrier structures, 
which may well be involved in the pathology of neurological 
disorders. The CSF of healthy individuals contains between 
150,000 cells and 500,000 cells. During a CNS inflammation, 
this number increases dramatically. However, neither in the 
healthy individual nor in MS does the cellular composition of 
ihe CSF directly reflect that of the peripheral blood suggesting 
a stringent control for leucocyte entry into the CSF (Kivisakk 
et ah, 2003). Nevertheless, the CSF is considered a CNS 
compartment and it is relatively easy to analyse by means of 
lumbar puncture, enabling the investigation of apoptosis of CSF 
cells. 

Kerr et al. (1972) established morphological criteria, which 
still represent the gold standard for the definition of apoptosis 
as a specialized form of cell death, basically characterized 
by cell shrinkage and membrane blebbing (zeiosis), collapse of 
the nucleus, chromatin condensation and marginalisation, DNA 
fragmentation and final phagocytosis of apoptotic bodies. 
Each phase of the apoptotic cascade can be precisely monitored 
applying electron microscopy. However, in daily clinic routine 
diagnostics, identification of apoptotic cells is restricted to 
analysis of the mentioned morphological criteria using light 
microscopy. 

Molecular techniques such as in situ tailing assays that detect 
biochemical events associated with oligonucleosomal DNA 
fragmentation in apoptotic cells are more accurate. DNA frag- 
mentation can easily be visualized by the incorporation of 
labelled nucleotides into the nuclei of affected cells utilizing a 
tailing technique that denotes the advanced stages of cell 
degeneration (Gold et at., 1994). 

The process of apoptosis is basically mediated by two main 
pathways: (i) death receptor-induced mechanisms, which in- 
clude the surface receptor Fas (CD95) and other members of 
the rumor necrosis factor receptor family (Krammer, 2000), 
and (ii) mitochondria-mediated pathways, which are partly 
controlled by the family of Bcl-2 proteins (Rathmell and 
Thompson, 2002). In autoimmunity, the persistence of activated 
autoreactive lymphocytes in the intrathecal compartment is a 
common feature and it is believed that this is due to an increased 
resistance to apoptosis stimuli. In MS patients, defective apo- 
ptotic deletion of pathogenic myelin reactive lymphocytes 
was proven in vitro and in vivo (Zang et al., 1999; Comi et al., 
2000; Correale ei al., 2000; Huang et al., 2000; Sharief et al., 
2002). 

The most prominent molecules, pro-apoptotic Fas and the 
death antagonist Bcl-2, do not directly interact. They thereby 
represent two rather independent apoptosis checkpoints that 
could disclose valuable information about the cellular context, 
separately. 



The present study was driven by two main questions: (i) Are 
apoptotic cells detectable by morphological analysis and/or by 
quantification of generated DNA fragments in CSF of patients 
suffering of neurological disorders? (ii) Can we detect via 
immunohistochemistry, whether there are differences in the 
expression of pro-apoptotic Fas and anti-apoptotic Bcl-2 
molecules by CSF cells in the investigated patients? 

2. Materials and methods 

2.1. Patients 

Patients were recruited at the Department of Neurology of 
Rostock University, and none of them received therapeutic 
medications. In line of ensuring first clinical diagnosis, CSF 
examinations were inquired. In a first screening stage, 3446 CSF 
samples were evaluated for apoptosis applying morphological 
standard criteria (Kerr et al., 1972). In a subsequent stage, 76 
clinically appropriately chosen samples were analysed enzy- 
matically for the degree of DNA fragmentation {in situ tailing) 
(Gold et al., 1994). Fifteen MS patients (11 with relapsing- 
remitting and 4 with secondary progressive MS) were diagnosed 
according to the revised diagnostic criteria (McDonald et al., 
2001); none had received immunomodulatory therapy or steroid 
treatment during 2 months preceding CSF collection. Patients 
with relapsing remitting disease course were examined during 
active and inactive stages of their disease. 19 IND and 1 1 NIND 
patients were examined, some of which repeatedly at different 
times. The clinical diagnoses and numerical distribution of 
examined subjects are summarized in Table I . 



Table I 

Diagnoses of patients examined, numbers of corresponding CSF samples and 
mean values of counted cells that were subjected to cell morphology analysis 

Diagnosis (n °) Number of Median cell 

CSF samples count, ul (range) 



Multiple sclerosis (15) 26 10(4-87) 

Relapsing-remitting MS (11) 19 H b (6-87) 

Secondary progressive MS (4) 7 6 b (4-14) 

Inflammatory neurological disease ( 19) 32 106 (1- 1 280) 

Encephalitis (viral) (8) 13 162 (4-593) 

Myelitis (2) 6 107(3-211) 

Meningitis (bacterial) (2) 2 675 (70- 1 280) 

Abscess of the brain (4) 7 151 (82-53 1 ) 

Neuritis multiplex cranialis (1) I 30 

Neuroborreliosis ( 1 ) 1 5 

Facialisparesis (viral) (1) 1 38 

Non-inflammatory neurological 18 15(2-98) 
disease (11) 

Pseudomigraine (2) 5 21(15-26) 

Paranoidc schizophrenia (1) 3 20 

Headache with arterial hypertonus (1) 1 4 

Glioblastoma multiforme (1) 1 5 

Cerebral seizure (1) 1 4 

Cerebral infarction (4) 7 44 (2-98) 

Multifocal motor neuropathy (1) 1 29 (-) 



Total of analyzed preparations J76 

* Number of individuals. 

b No significant difference between RRMS and SPMS (p = 0.064). 
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2.2. Cell preparation 

10 ml of CSF was drained by lumbar puncture with standard 
technique and subsequently processed during 30 min. CSF 
samples contaminated with blood were excluded from analysis. 
CSF cells were collected by centrifugation for 20 min at 200*g 
and counted after resuspension in phosphate-buffered saline 
supplemented with 10% fetal bovine serum (FBS) manually by 
means of estimation of the stained fraction (toluidine blue) in a 
Fuchs-Rosenthal-chamber. 

2.3. Cell morphology 

Attained CSF cells were evaluated following Kerr et al. gold 
standard criteria. 

2.4. In situ tailing (detection of DN A fragmentation) 

The collected CSF was fixed in ice-acetone for 10 min 
and dried on glass slides at room temperature. CSF was 
incubated with protein kinase 5% for 15 min at 37 °C and 
subsequently in a special tailing-mix (aqua bidest, tailing- 
buffer, cobalt chloride, digoxigenin nucleotide, terminal 
transferase solution; Boehringer Mannheim, Germany) for 
60 min at 37 °C, and left in 10% FBS for 15 min at room 
temperature. Finally, a solution of alkaline phosphatase con- 
taining anti-digoxigenin-antibodies was added onto the slides 
and incubated for 60 min at 37 °C. In-between washing was 
carried out with Tris-buffered solution (TBS). Lymphocytes 
(1 x 10 7 murine thymocytes) incubated at 37 °C for 4 h with 
steroids (glucocorticoid dexamethasone, 1 x 10" mol) served 
as a positive control (Gold et al., 1994). Apoptotic cells were 
visualized by 4-nitroblue-tetrazolium-chloride/5-bromine-4- 
chloride-3-indolyl-phosphate (NBT/BCIP) (Boehringer Man- 
nheim, Germany), which produced black and brown staining, 
respectively. 

2.5. Immunohistochemistry - detection of Fas and Bcl-2 
protein 

The antigens cell surface Fas and mitochondrial Bcl-2 
were identified with primary polyclonal rabbit and monoclonal 
mouse antibodies, respectively (Dako). The binding signal was 
amplified by means of the alkaline phosphatase/anti-alkahne 
phosphatase detection system (APAAP, Dako), using second- 
ary mouse-anti-rabbit or rabbit-anti-mouse antibodies [1:50] 
(Dako). After up to 15 min, the Fas and Bcl-2 reaction products 
were visualized by NBT/BCIP, generating the characteristic 
coloration. 

2.6. Statistical analysis 

Statistical evaluation was performed using the non-paramet- 
ric Kruskat-Wallis (KW) ranking test for comparisons bet- 
ween groups. The level of significance was set at 0.05. 
Statistical analyses were performed with SPSS (ver. 12.1) for 
MS-windows. 



3. Results 

3522 CSF samples were collected and analysed morpholog- 
ically, thereof the last 76-using additional in situ tailing meth- 
odology (Table 1). Mean counts of leucocytes corresponded 
to the different clinical entities with no significant difference 
between the clinical courses of RRMS and SPMS [MS: 
15.5 cells/ul (S.D.: 20.3)]. The highest values and greatest 
variation were seen in the inflammatory neurological disease 
group [IND: 209.9 cells/ul; S.D.: 309.8). A patient suffering 
from bacterial meningitis revealed the maximum number 
(1280 cells/ul). Moderate mean counts were found in the 
category of non-inflammatory neurological disease [NIND: 
26.3 cells/ul; S.D.: 33.0) (Table 1). So-called apoptotic bodies 
derived from cell pyknosis, nuclear condensation and margin- 
alisation were not detected in any of the examined samples, 
neither by the mentioned morphological criteria nor by enzy- 
matic detection of DNA fragmentation, which was successful in 
steroid-treated control leucocytes only. 

Immunohistochemical examination of Fas and Bcl-2 expres- 
sion by CSF-derived lymphocytes revealed that, with the ex- 
ception of each one Fas and one Bcl-2 outlier, these apoptosis- 
related proteins are present in more than 80% of lymphocytes in 
each patients group investigated. Almost all CSF lymphocytes 
expressed the Fas molecule in the NIND group (99.4%, KW 
rank' -16 4) whereas in the MS and IND group the values were 
slightly lower (97.9%, KW rank: 11.4 and 94.3%, KW rank: 
9.8, respectively) (Fig. I). However, the differences were not 
statistically significant (^-0.134). The percentages of Bcl-2 
lymphocytes did not differ between the analysed groups 
(p-0.655; MS: mean 95.5%, KW rank: 12.9; IND: mean 




o 

£L 
< 



Fig. I. Fas-expressing lymphocytes derived from CSF of different patients 
groups. Percentages of Fas' lymphocytes are displayed as box plots, where the 
boxes represent the 25th to 75th percentiles, the bars within correspond to the 
medians, and the lines above and below depict percentiles 10 and 90. Red 
crosses indicate values outside the percentiles 10 to 90. Diagnoses: multiple 
sclerosis (MS) (n= 1337 cells), inflammatory diseases (IND) (n = 2171 cells), 
non-inflammatory diseases (NIND) {n= 179 cells). For statistical analysis the 
non-parametric Kruskal-Wallis ranking test for comparisons between groups 
was applied. An outlier of 67.7% in the category IND (abscess of the brain) is 
not shown. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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Fig 2. Bcl-2-cxpressing lymphocytes derived from CSF of different patients 
groups. Percentages of BcUT lymphocytes are displayed as box plots, where 
the boxes represent the 25th to 75th percentiles, the bars within correspond to the 
medians, and the lines above and below depict percentiles 10 and 90. Red 
crosses indicate values outside the percentiles 10 to 90. Diagnoses: multiple 
sclerosis (MS) 0 = 2390 cells), inflammatory diseases (IND) 0 = 2904 cells), 
non-inflammatory diseases (NIND) 0* 1070 cells). For statistical analysis the 
non-parametric ICruskal-Wallis ranking lest for comparisons between groups 
was applied. An outlier of 2.4% in the category IND (viral encephalitis) is not 
shown. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 



97.4%, KW rank: 15.9; NIND: mean 97.7, KW rank: 14.0) 
(Fig. 2). Accordingly, the concluding Fas/Bcl-2 ratios were not 
significantly different between the groups (MS=1.03; 
IND=0.97;NIND=1.02). 

4. Discussion 

CSF analysis has remained indispensable for a safe diagnosis 
of many neurological diseases, e.g. oligoclonal bands indicate 
an ongoing immune reaction in the CNS. Various studies 
showed that both the assessment of cell death by morphologic 
criteria and in situ tailing are useful in detecting apoptosis and 
DNA fragmentation (hallmark of late-stage apoptosis) in cell 
suspensions derived from CSF (Zetti et al., 1996; Gold et al., 
1997). In our study, despite a large variation of disease etiology, 
providing different CSF cell counts, no apoptotic events were 
detectable by means of the described techniques. 

There have been few studies concerning the proportion of 
apoptotic immune cells in the CSF of analysed individuals, 
some of which based on anti-Fas antibody stimulation in culture 
(Ichikawa el al., 1996; Sharief, 2000a) or instantaneously after 
freshly performed cell isolation (Ciusani et al., 1998; Okuda 
et al., 2006). Furthermore, different methodologies were applied 
to monitor the apoptotic process, such as DNA fragmentation 
by electrophoresis (Ichikawa et al., 1996), fragmentation of 5- 
bromo 2'deoxy-uracil (BrdU)-labelled DNA from cell lysates 
by immunoassay (Sharief, 2000a), propidium iodide (Ciusani 
et al., 1998) and Annexin V staining (Okuda et al., 2006), the 
latter' two in combination with flow cytometric analysis. 

Whereas Ichikawa and Sharief applied their respective 
methods in order to examine the characteristics of potentially 



impaired apoptosis in CSF lymphocytes, Ciusani et al. and 
Okadu et al. sought to record the actual proportion of apoptotic 
cells, which is comparable to our approach. Ciusani et al. 
reported on high proportions of apoptotic mononuclear cells, 
describing highest values in CSF of patients with NIND (40- 
95%) followed by CSF of MS patients (10-80%) and of 
patients with other IND (1-10%); in the peripheral blood, the 
values were lower (1-10%) in all three patient groups. 
However, Okuda et al. investigated a similar setting, in terms 
of intra-individual comparisons of peripheral blood vs. CSF T 
lymphocytes, and detected the inverse relationship, indicating 
less Annexin V-positive cells in the CSF. Both studies provided 
with fairly low numbers of mean CSF cells (Ciusani: 3 cells in 
MS; 325 cells in IND; 3 cells in NIND) and mean CSF cell 
percentages (Okadu: 2% AV* CD3 + cells). 

Our study design concentrated on the more advanced stages 
of apoptotic cell death. Here, in the second phase, applied in situ 
tailing procedure is a sensitive differentiator and indicator of the 
degree of internucleosomal non-random DNA fragmentation. 
It was chosen to confirm the previous results of phase 1, i.e. 
the microscopical judgement of apoptotic CSF lymphocytes. 
Although the sensitivity of Annexin V and propidium iodide 
staining analysed by flow cytometry may be slightly higher, we 
did not apply them as it appeared too elaborated, if implemented 
in routine clinical diagnostics. Due to low cell numbers in 
CSF, great quantities would be needed to reach the detection 
threshold of flow cytometry, e.g. a minimum of 30 ml. There- 
fore, for this analytical setting, evaluation of cell morphology by 
experienced personnel has to suffice. This indicates that our 
result of having no detected apoptotic cells in the analysed 
samples can, by all means, reflect the actual in vivo situation. 

Several reports implied that abnormalities in the apoptotic 
stages were involved in the disease course of MS, often 
measured in relation to other neurological conditions and 
healthy control individuals. Of main interest are the pro- 
apoptotic molecule Fas/CD95, which is known to contribute to 
physiological control of the immune system through activation- 
induced cell death (Krammer, 2000), and the potentially coun- 
teracting anti-apoptotic protein Bcl-2 (Strasser et al., 1995; 
Rathmell and Thompson, 2002). In vitro studies demonstrated 
impaired apoptosis of peripheral blood-derived lymphocytes 
(Zipp et al., 1998; Macchi et al., 1999; Zang et al., 1999; 
Sharief, 2000a) and in CSF cells (Sharief, 2000b) of MS 
patients. Furthermore, recent studies showed that pro-apoptotic 
molecules such as Fas are down -regulated in lymphocytes of 
MS patients with ongoing inflammation (Semra et al., 2002; 
Sharief, 2000b; Achiron et al., 2004). So far, the Bcl-2 protein 
has not been examined extensively in this setting, but, in 
addition to peripheral blood (Macchi et al., 1999), its expression 
was proven in brain parenchyma (Zettl et al., 1998; Kuhlmann 
et al., 1999) and in CSF cells (Sharief, 2000b; Sharief et al., 
2002) of MS patients. 

Since co-expression of Fas and Bcl-2 proteins in lympho- 
cytes is closely associated with apoptotic cell death in the 
animal models of MS (Kohji and Matsumoto, 2000), and was 
partially confirmed in peripheral blood mononuclear cells 
and CSF by studies of Sharief et al., we also examined the 
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relationship between cellular expression of Fas and Bcl-2 in a 
subset of collected CSF cell samples. In each patient group 
investigated, these proteins were present in more than 80% of 
lymphocytes, except one Bcl-2 outlier (2.4%) in an individual 
suffering from a viral encephalitis and a Fas outlier (Fas: 67.7%) 
in an individual with abscess of the brain. CSF cells have to pass 
through a long distance between the choroid plexus, where they 
most probably leave the blood stream and enter the CSF 
compartment (RansohotT et al, 2003), and the lumbar sack 
where they are collected for analysis. Considering the estimated 
turnover of CSF (8 h), such prolonged presence of immune cells 
outside of their 'normal' environment might result in expression 
of apoptosis related proteins in the majority of cells irrespec- 
tively of the background disease. This may be the reason why 
comparisons of Fas-expressing lymphocytes in the CSF of MS, 
IND and N1ND patients revealed no significant differences 
between the lower expression rate of patients suffering from 
inflammatory diseases and patients with MS and non- 
inflammatory diseases (Fig. I), although the trend might reach 
significance if more samples are analysed. The lowest 
percentage of Bcl-2 + lymphocytes were found in MS patients, 
whereas the corresponding values of both IND and NIND 
patients were higher (Fig. 2), resulting in similar Fas/Bcl-2 
ratios in each clinical entity. These findings are in accordance 
with data of Sharief et al. (Sharief, 2000a,b; Sharief et al., 2002), 
who did not detect significant differences of Fas and Bcl-2 
expression in cells from the intrathecal and systemic compart- 
ments nor between different clinical groups. On the other hand, 
they found MS patients to be hypo-responsive to Fas- 
independent apoptosis (Sharief, 2000a). 

lchikawa et al. and Okuda et al. measured the Fas receptor 
protein and attained expression rates of about 60% Fas-positive 
T lymphocytes in CSF cell suspensions of MS patients, which 
were different in a former study when compared with healthy 
controls and in a subsequent study between active and inactive 
MS. As these studies in CSF did not address respective states in 
other clinical settings, presented data of Fas and Bcl-2 
expression rates add to the possibility of enhanced differences 
in-between rather than within clinical categories. Deviating 
results in terms of percentage rates may be due to methodolog- 
ical differences and different patient selection in the respective 
studies. 

Several groups studied the cognate molecule soluble has 
(sFas) in CSF using commercially available enzyme-linked 
immunosorbent assay (ELISA) kits, which still led to 
conflicting results (Inoue et al., 1997; Ciusani et al., 1998; 
Sharief, 2000a,b; Mahovic et al., 2004). Whereas Inoue et al. 
reported on increased sFas levels both in CSF and serum of MS 
patients during the active stage as compared to inactive MS and 
other IND, Mahovic et al. did not detect differences in serum of 
relapsing-remitting MS patients and healthy controls, but a 
lower sFas expression in the CSF of MS patients compared to 
healthy controls. Also, many detailed analyses, e.g. monitoring 
apoptosis-related transcripts of individuals up to 1 (Bilinska 
et al., 2003) or even 10 years (Lopatinskaya et al., 2006), 
were performed with peripheral blood cells. The concept of a 
differential Fas/Bcl-2 ratio was clearly shown in a work by 



Julia et al. (2006) who investigated the effect of interferon-^ 
on Fas- and Bcl-2 expression, which is known to increase 
apoptosis susceptibility. 

The experimental design of the different studies were similar 
with regard to detection of pro- and/or anti-apoptotic molecules 
that are involved in early apoptotic stages occurring at cell 
membrane or in the cytosol during the apoptotic cascade in 
immune cells. Nevertheless, the entire ongoing of apoptosis 
remains speculative, as the regulatory potential of the apoptotic 
system can very well include the absorption of pro-apoptotic 
molecules and thereby regulate the activated cascade at several 
cell death checkpoints. This may result in the final inhibition 
of the release of pro-inflammatory cytoplasmic constituents. 
Hence, the presence of apoptotic signals may be measured, 
but final demise through such programmed cell death cannot 
be predicted and thereby render it inadequate for diagnostic 
purposes in examined neurologic conditions. 

We can conclude that regardless of the diagnosis, no evi- 
dence for ongoing apoptotic processes are detected by means 
of morphological criteria and molecular techniques in this 
compartment of the CNS. This study may not provide infor- 
mation of relevance to the pathogenesis of MS, but with the 
exception of apoptosis as a diagnostic measure. 
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Glutamate uptake by oligodendrocytes 

Implications for excitotoxicity in multiple sclerosis 

David Pitt, MD; Iris E. Nagelmeier; Heather C. Wilson, MD; and Cedric S. Raine, PhD 



Abstract— Background: Excitotoxic damage is a common pathologic event in a number of neurologic diseases occurring 
after accumulation of excess extracellular glutamate in the CNS and subsequent overstimulation of glutamate receptors. 
In gray matter, astrocytes take up synaptically released glutamate and are thus key cells in maintaining glutamate 
homeostasis. In white matter, oligodendrocytes have been shown to express glutamate transporters, but their role in 
extracellular glutamate removal is unclear. Objective: To investigate whether cultured human fetal oligodendrocytes 
functionally express the main glutamate transporters EAAT-1 and EAAT-2. Methods: Cultures of fetal human oligoden- 
drocytes were examined by immunocytochemistry and [ 3 H] glutamate uptake, and the findings were correlated with 
glutamate transporter expression in normal and multiple sclerosis (MS) CNS tissue. Results: Both EAAT-1 and EAAT-2 
were expressed by human oligodendrocytes in vitro. Incubation of oligodendrocytes with the proinflammatory cytokine 
tumor necrosis factor-a (TNFa) reduced EAAT-1 expression and inhibited glutamate uptake by >75%. Furthermore, in 
normal human white matter, oligodendrocytes were found to be the predominant cells to express EAAT-1 and EAAT-2, 
both at the mRNA and at the protein level. A small number of astrocytes in white matter expressed these receptors, more 
so EAAT-1 than EAAT-2. In MS white matter, oligodendrocytes lost expression of EAAT-1 and EAAT-2 receptors in the 
lesion vicinity. Conclusions: Oligodendrocytes appear to be predominant cells for glutamate clearance in human white 
matter. Glutamate receptor expression and glutamate removal were defective in MS white matter, possibly mediated by 
TNFa, changes that might underlie high extracellular glutamate and an increased risk for glutamate excitotoxicity. 
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A common pathologic event shared by a number of 
neurologic conditions is extracellular accumulation 
of glutamate, the major excitatory neurotransmitter 
in the CNS. 1 High levels of free glutamate are known 
to lead to excessive stimulation of glutamate recep- 
tors and subsequent excitotoxic injury to both neu- 
rons and glial cells. 2 - 3 Therefore, maintenance of 
subtoxic extracellular glutamate levels is crucial in 
the CNS and is achieved by rapid uptake of gluta- 
mate into glial cells. This is carried out by high- 
affmity, sodium-dependent glutamate transporters, 
of which at least five have been cloned: EAAT-1, 
EAAT-2, EAAT-3 (corresponding to GLAST, GLT-1, 
and EAAC-1 in rodents), EAAT-4, and EAAT-5. 4 ^ 8 

On the basis on localization studies, it is generally 
believed that EAAT-1 and EAAT-2 are expressed ex- 



clusively by astrocytes in gray matter, which there- 
fore play a key role in the clearance of free glutamate 
from synaptic regions. 912 EAAT-3 is regarded as the 
principal glutamate transporter in neurons, 10 
whereas EAAT-4 and EAAT-5 are expressed in Pur- 
kinje cells 13 and retina, 8 respectively. This distribu- 
tion pattern has been revised recently by the 
observation that GLT-1 can be expressed by different 
types of neurons in the rat and the macaque mon- 
key. 14 * 15 Moreover, in CNS white matter, glutamate 
transporters have been reported to be present also 
on oligodendrocytes. 16 Recent studies have acknowl- 
edged the presence of GLAST, GLT-1, and EAAC-1 
mRNA 17 and protein 16 on cultured rat oligodendro- 
cytes. This is in accord with studies on glutamate 
uptake by oligodendrocytes in vitro, 16 - 18 where gluta- 
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mate "transport was suggested to be mediated pri- 
marily by GLT-1 in oligodendrocytes and by GLAST 
in astrocytes. 16 In the same study, however, immuno- 
histochemical examination of rat optic nerve showed 
oligodendrocytes to express primarily GLAST and 
astrocytes to express GLT-1. Thus, the relative con- 
tributions of astroglial vs oligodendroglial cells in 
glutamate uptake in white matter are not clear. 

In a recent study on human white matter, we 
found that key enzymes of glutamate metabolism 
and glutamate transporters were present predomi- 
nantly on oligodendrocytes and to a much lesser ex- 
tent on astrocytes, implying a major role for 
oligodendrocytes in the maintenance of glutamate 
homeostasis in white matter. 19 Moreover, a signifi- 
cant paucity of glutamate-metabolizing enzymes and 
glutamate transporters in white matter of patients 
with MS suggested reduced intracellular glutamate 
processing and, by extrapolation, accumulation of ex- 
tracellular glutamate and potentially excitotoxic con- 
sequences. Previous studies had demonstrated that 
excitotoxic mechanisms play a role in white matter 
pathology in a mouse model for MS, experimental 
autoimmune encephalomyelitis, where administra- 
tion of glutamate receptor blockers reduced disease 
severity as well as damage to oligodendroglia and 
axons, 20 potential targets for excitotoxicity in white 
matter. 

Here, we substantiate our previous proposal that 
oligodendrocytes are key in glutamate removal. In 
parallel with white matter, we examined glutamate 
transport in an in vitro system, cultured human fetal 
oligodendrocytes, where glutamate uptake and 
transporter expression could readily be demon- 
strated. Glutamate transport was facilitated primar- 
ily by EAAT-2. Both EAAT-2 expression and 
glutamate transport were suppressed by exposure to 
the proinflammatory cytokine tumor necrosis 
factor-a (TNFa). The latter findings offer evidence 
for a mechanism underlying the reported glutamate 
transporter down-regulation in MS. 

Materials and methods. Human tissue. Human CNS tissue 
was obtained at autopsy according to an institutional review 
board-approved protocol. Brain and spinal cord were stored frozen 
or fixed for histologic examination. Postmortem intervals were 
between 2 and 6 hours for MS and 2 and 8 hours for control CNS 
tissue. MS CNS tissue was from six subjects. Three had primary 
progressive MS displaying early active (acute), chronic active, and 
chronic silent lesions: Patient 1 was a 31-year-old woman with 
4-year disease duration; Patient 2 was a 37-year-old woman with 
17-year disease duration; and Patient 3 was a 32-year-old woman 
with 4-year disease duration. Three had secondary progressive 
MS and displayed chronic silent lesions only: Patient 4 was a 
55-year-old woman with 20-year disease duration; Patient 5 was a 
69-year-old man with 10-year disease duration; and Patient 6 was 
a 60-year-old woman with 15-year disease duration. Non-MS CNS 
tissue was from four patients dying from nonneurologic causes 
(myocardial infarction (three cases) and acute rnyeloblastic leuke- 
mia [one case]) and two cases of noninflammatory other neurolog- 
ical diseases (olivopontocerebellar atrophy and adult polyglucosan 
body disease). Fresh-frozen blocks of CNS tissue were embedded 
in optimum cooling temperature medium using an acetone/dry ice 
bath and stored at -80 °C until used. 

Lesion classification. MS lesions were classified histopatho- 
logically following hematoxylin/eosin, Luxol fast blue, and Bodian 
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staining. 19 Inflammation, infiltration, demyelination, and the pro. 
file of immune cells were used to classify the lesions. Early active 
lesions were characterized by intense inflammation, demyelina- 
tion, hypercellularity, edema, and astroglial hypertrophy but no 
obvious fibrous astrogliosis. Chronic active lesions were areas of 
long-term demyelination and gliosis with recent inflammatory ac- 
tivity, astroglial hypertrophy, and ongoing demyelination at the 
margins. Chronic silent lesions consisted of areas of long-term 
demyelination and gliosis but no inflammation. 

Immunostaining. Frozen sections, 10 \im thick, from human 
CNS tissue blocks were air dried, acetone fixed, and quenched 
with H 2 0 2 for 10 minutes each. After blocking with normal serum, 
sections were incubated with anti-GLAST/EAAT-1 (1:1,000) and 
anti-GLT-l/EAAT-2 (1:500) primary antibodies (both from Alpha 
Diagnostics, San Antonio, TX), overnight at 4 °C. Secondary anti- 
bodies were applied for 2 hours at room temperature, followed by 
incubation with Vectastain ABC reagent and reaction with diami- 
nobenzidine tetrahydrochloride as chromogen (Vector Laborato- 
ries, Burlingame, CA). For immunofluorescent staining, cultured 
glial cells were fixed with 27c paraformaldehyde (PFA) in 
phosphate-buffered saline (PBS) or ice-cold methanol, washed in 
PBS, and incubated with anti-GLAST and anti-GLT-1 antibody at 
a dilution of 1:50 overnight, a concentration giving optimal stain- 
ing as determined from a gradient of 1:50 to 1:500. Fluorescein 
isothiocyanate- or Texas Red-labeled secondary antibodies were 
applied for 30 minutes at 37 °C, followed by nuclear counterstain- 
ing with Hoechst Nuclear Stain (Roche Molecular Biochemicals, 
Indianapolis, IN) for 5 minutes at room temperature. Specificity 
for EAAT-1 and EAAT-2 immunoreactivity was tested by specific 
absorption with the respective antigens. , 

In situ hybridization. cDNA probes were generated by 
digoxigenin-labeling reverse transcription (RT) PCR product 
(EAAT-1 [515 to 928] and EAAT-2 [41 to 4861) from human whole- 
brain mRNA utilizing the DIG-Nick-Translation Mix (Roche Mo- 
lecular Biochemicals). Probes were used according to the 
procedures of Komminoth et al. 21 In brief, 10-fim frozen sections of 
human CNS were air dried, fixed with 4Vo PFA, and de- and 
rehydrated through graded ethyl alcohol to water. After rinsing 
with diethylpyrocarbonate (DEPC)/PBS, sections were treated 
with proteinase K in Tris-ethylenediaminetetra-acetic acid buffer 
(1 iig/mL, 15 minutes at 37 °C), briefly rinsed in DEPC/H 2 0 and 
DEPC/PBS, and fixed again in 49b PFA for 5 minutes. Sections 
were preincubated for 1 hour at 37 °C with hybridization mix 
{50% formamide, 5X saline-sodium citrate [SSCJ, lx Denhardt's 
solution, 10% dextran sulfate, and 200 ng/ml baker's yeast tRNA/ 
salmon sperm DNA) in a wet chamber. Subsequently, purified 
probes were denatured for 5 minutes and applied at a concentra- 
tion of 0.3 ng/mL in hybridization solution. Incubation was carried 
out in a wet chamber at 43 °C for 18 hours. Following hybridiza- 
tion, sections were rinsed in 4x SSC and 2x SSC both for 45 
minutes at 50 °C. Hybridized probes were immunodetected with 
alkaline phosphatase-Iabeled antibodies to digoxigenin (Roche) in 
catalyzing nitroblue tetrazolium/5-bromo-4-chloro-3-inodolyl- 
phosphate substrate (Sigma, St. Louis, MO). 

Human fetal oligodendrocytes. Primary dissociated oligoden- 
drocyte cultures from spinal cords from human fetuses at 19 to 24 
weeks' gestation were prepared as described elsewhere (H.C. Wil- 
son et al., submitted). In brief, spinal cords were cleared of menin- 
ges and vessels, mechanically disrupted, and enzymatically 
digested with enzyme solutions containing trypsin, collagenase 
III, DNase, and papain (Sigma). After centrifugation in 20 mL of 
Dulbecco's modified Eagle medium (DMEM) containing 10% fetal 
calf serum, the pellet was resuspended in N2B3 medium (DMEM 
supplemented with 0.5 g/mL insulin, 0.1 g/mL transferrin, 2 mil/ 
glutamine, 0.002% ovine serum albumin, 14.5 g/mL putrescine, 
360 ng/mL thyroxine, 300 ng/mL triiodothyronine, 56 ng/mL pro- 
gesterone, and 35 ng/mL sodium selenite), and the solution was 
incubated at 37 *C in a culture flask overnight. The next day, the 
supemate was removed and centrifuged and the pellet resus- 
pended in N2B3 medium. Cells were seeded onto poly-L-lysine- 
coated glass coverslips in 24-weIl plates. One spinal cord yielded 
on average 20 to 24 coverslips, each containing 2,000 to 3,000 
cells. Medium was changed initially after 2 days and afterward 
every 4 days. Platelet-derived growth factor-AA (10 ng/mL; Sigma) 
was added daily until day 5. The established cultures consisted of 
75 to 95% oligodendrocytes, depending on the preparation, and 
were used between days 8 and 10. 
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Figure 1. (A and B) Immunofluores- 
cent staining of human fetal oligoden- 
drocyte cultures with EAAT-1 (A) and 
EAAT-2 (B) antibodies. (C) Staining 
with the phenotypic oligodendrocyte 
marker 2\3 } -cyclic nucleotide 3'- 
phosphohydrolase (CNPase) for cell 
type identification. Countersta ining 
with Hoechst Nuclear Stain (blue). (D) 
Autoradiograpk of f 3 H]glutamate up- 
take in oligodendrocyte cultures. Oli- 
godendrocytes with labeled perikarya 
and labeled branched processes are 
seen after 20 minutes of incubation 
with [ 3 H]glutamate. Counterstaining 
with hematoxylin! eosin. X750 (A to 
C); X800 (Dl 



Western blotting. Oligodendrocyte cultures were lysed in hot 
(95 e C) Laemmli buffer. For sodium dodecyl sulfate-polyacrylam- 
ide gel electrophoresis (SDS-PAGE), lysates of five to eight cover- 
slips were pooled and run on a 7.5% acrylamide gel. After 
electroblotting onto polyvinylidene difluoride membrane for 16 to 
18 hours, blots were rinsed briefly and blocked with 5% nonfat dry 
milk for 1 hour at room temperature. Primary antibodies were 
applied at a concentration of 1:5,000 (anti-GLAST/EAAT-1; Alpha 
Diagnostics, San Antonio, TX) and 1:10,000 (anti-GLT-l/EAAT-2; 
Chemicon, Temecula, CA) in 5% nonfat dry milk. Subsequently, 
blots were washed and incubated with the respective peroxidase- 
labeled secondary antibodies for 90 minutes. After washing, pro- 
teins were visualized with enhanced chemoluminescence 
(Amersham, UK) or Super Signal West Femto (Pierce, Rockford, 
ID. Blots were stripped and reprobed for ^-tubulin (1:1,000; 
Sigma) for control purposes. Western blots were carried out at 
least three times. 

Viability assay. Viability of oligodendrocytes after TNFa 
treatment was assessed by three different methods: trypan blue 
dye exclusion and quantitation of lactate dehydrogenase (LDH) 
activity in cell medium (cytotoxicity and cell lysis) and of cytoplas- 
mic histone-associated DNA fragments (apoptosis). Trypan blue 
was added to the oligodendrocyte cultures and the ratio of stained 
vs unstained cells evaluated under the light microscope. For the 
quantification of LDH activity and histone-associated mono- and 
oligonucleosomes, a Cytotoxicity Detection and Cell Death Detec- 
tion ELISA PLUS Kit was used according to the manufacturer's 
instructions (both from Roche). Respective data were derived from 
five different experiments performed in triplicate cultures. 

Glutamate uptake studies. Uptake experiments were carried 
out as described previously. 22 " 24 In short, oligodendrocyte cultures 
were equilibrated at 37 °C for 10 minutes in 5 mmol KH 2 P0 4 - 
K^HPO^ buffer (pH 7.4), adjusted to 330 mOsmol with sodium 
chloride or choline chloride for determination of total uptake or 
background values, respectively. Incubation was continued for be- 
tween 5 and 40 minutes after { 3 Hj glutamate was added to the 
respective buffer for a concentration of 10 nM | 3 H|glutamate and 
1 jxAf cold glutamate (approximately 0.1 n.Ci/well) based on pub- 
lished techniques. M Subsequently, cells were washed three times 
with ice-cold KH i ,P0 4 -K 2 HP0 4 buffer containing choline chloride 
and excess nonradioactive glutamate (1 mM). Cells were lysed 
with hot (95 °C) Laemmli buffer and additional soni cation, and 
cell-associated radioactivity was measured by liquid scintillogra- 
phy. Values were adjusted to the ^-tubulin content of each sam- 
ple, which was determined by SDS-PAGE and western blotting. 

Autoradiography, Cultures incubated with [ 3 H] glutamate 
were fixed in 2% PFA/PBS for 5 minutes, rinsed, and air dried. 
Coverslips were mounted on microscope slides and covered with 
NTB-2 emulsion (Eastman Kodak, Rochester, NY). Coverslips 



were exposed for approximately 4 weeks at 4 °C, developed with 
D-19 developer, and fixed with general-purpose fixer (both 
Kodak). 

Results. Glutamate transporter expression and gluta- 
mate uptake in cultured human oligodendrocytes. To de- 
termine the functionality of glutamate transporter 
expression in oligodendrocytes, glutamate transporters 
and glutamate transport were examined in cultured hu- 
man fetal oligodendrocytes. Antibodies against EAAT-1 
and EAAT-2 were used, and high levels of immunoreactiv- 
ity for both glutamate transporters were detected on the 
cell bodies and processes of virtually 100% of mature, 2',3'- 
cyciic nucleotide 3'-phosphohydrolase (CNPase)-positive 
oligodendrocytes (day 7 to 12 in culture) (figure 1). The 
specificity of the antisera to EAAT-1 and EAAT-2 was 
tested by specific absorption with antigen that was found 
to abolish the immunoreactivity. EAAT-1 and EAAT-2 im- 
munostaining of contaminating astrocytes was also noted 
(not shown). 

Having established glutamate transporter expression, 
we then examined glutamate uptake in cultured human 
oligodendrocytes. In preliminary studies, we found 
[ 3 H] glutamate uptake to be almost linear in a range be- 
tween 1 and 40 nM (figure 2A). A steady state in gluta- 
mate uptake was reached after approximately 30 minutes 
(see figure 2B). On average, 97% of the measured radioac- 
tivity was determined to be cell associated and 3% to be 
nonspecific. 

Glutamate incorporation in vitro was visualized by au- 
toradiography of [ 3 H]glutamate-incubated cells. After a 30- 
minute incubation period with [ 3 H] glutamate, two 
populations of surface phase-dark cells appeared to be la- 
beled. Cells with an oligodendrocyte morphology repre- 
sented the majority of mature cells and were labeled over 
the cell soma and over numerous intercalated processes 
(see figure ID). Pronounced labeling was also seen in large 
astrocytes (not shown): Bipolar, immature oligodendro- 
cytes displayed minimal labeling. The morphology and fre- 
quency of the labeled surface dark-phase oligodendrocytes 
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Figure 2. (A) [ 3 H]Glutamate uptake calculated as counts 
per minute per coverslip of human fetal oligodendrocytes. 
[ 3 H]Glutamate uptake was found to be near linear be- 
tween 5 and 40 nM [ 3 H]glutamate. The incubation time 
was 20 minutes. Cell-associated radioactivity was found to 
be <96%. (B) [ 3 H]Glutamate uptake was linear between 5 
and 30 minutes of incubation time with f J H]glutamate 
and was saturated after incubation for >30 minutes. The 
pHJglutamale concentration used in these experiments 
was 10 nM. Data are obtained from three different sets of 
experiments, each carried out in triplicate. 



and astrocytes correlated with their CNPase and glial 
fibrillary acidic protein (GFAP) positivity, respectively. In- 
crease of the final [ 3 H]glutamate concentration resulted in 
increased labeling intensity but did not change the distri- 
bution of the labeling. 

Glutamate uptake is mediated by both EAAT-2 and 
EAAT-L To examine the relative contributions of 
EAAT-1 and EAAT-2 to glutamate uptake into oligoden- 
drocytes, we employed the general glutamate transporter 
inhibitor L-*rans-pyrrolidine-2,4-dicarboxylate (*-PDC) and 
the EAAT-2-specific inhibitor dihydrokainate (DHK). The 
efficacy of the respective inhibitors and the ionic depen- 
dence of glutamate uptake were compared with overall 
glutamate uptake (figure 3A). As reported above, the sub- 
stitution of sodium with choline in the incubation buffer 
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Figure 3. (A) [ 3 H]Glutamate uptake in oligodendroglial 
cultures in the presence of L-trans-pyrrolidine-2,4- 
dicarboxylate (t-PDC) and dihydrokainate (DHK). Cell- 
associated radioactivity was decreased by approximately 
94% after incubation with 500 pM t-PDC. Cell -associated 
[ 3 H]glutamate was reduced by 71% with the EAAT-2 - 
specific blocker DHK (1 mW- Data represent four different 
sets of experiments, each carried out in triplicate. (B) Tu- 
mor necrosis factor-a (TNFa)-mediated inhibition of glu- 
tamate uptake. Oligodendrocyte cultures were exposed for 
24 and 48 hours to 10 and 100 ng/mL TNFa. Data are 
from a single representative experiment (n = 3). This ex- 
periment was repeated three times with similar results. 



resulted in blockage of all sodium -driven glutamate trans- 
port and in the reduction of [ 3 H] glutamate incorporation to 
approximately 3 to 4%. Similarly, incubation with f-PDC 
(500 \iM) blocked 94% of cell-associated radioactivity, indi- 
cating that the gross glutamate influx took place via 
transporter-mediated mechanisms. Incubation with DHK 
(1 mM) inhibited total incorporation by 71% and 
transporter-mediated glutamate uptake by 7S%, thus indi- 
cating that EAAT-2-mediated uptake accounts for approx- 
imately three-quarters of the glutamate transport into 
oligodendrocytes. 

Glutamate uptake is reduced by TNFa. Next, we inves- 
tigated the effect of the proinflammatory cytokine TNFa 
on glutamate uptake in oligodendrocyte cultures. As 
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Figure 4. Western blot analysis showing immunoreactiv- 
ity to EAAT'2/GLT-l in human oligodendrocyte cultures 
treated with phosphate-buffered saline (control) or 10 nM 
tumor necrosis factor- a (TNFa) for 48 hours prior to har- 
vesting. Blots were standardized by immunodetection of 
^-tubulin and were carried out in quadruplicate. 



shown in figure 3B, exposure to TNFa (10 ng/mL) reduced 
glutamate uptake to 53 and 41% after 24 and 48 hours, 
respectively. Interestingly, exposure to 100 ng/mL TNFa 
for 48 hours, the highest and longest exposure tested, had 
no significant effect on glutamate uptake. These alter- 
ations in glutamate uptake were not due to TNFa-induced 
apoptosis or cytotoxicity as the addition of TNFa (10 ng/ 
mL) did not result in any detectable decline in cell viabil- 
ity, as determined by nucleosome enrichment assay 
(apoptosis) and LDH activity assay (necrosis [data not 
shown]). Only incubation with 100 ng/mL TNFa for 48 
hours resulted in a statistically nonsignificant increase in 
LDH activity. 

We have no explanation for the lack, of effect of high- 
dose TNFa treatment for 48 hours. 

Immunoblot analysis of oligodendrocyte culture homog- 
enates confirmed the presence of the glutamate transport- 
ers EAAT-1 and EAAT-2. A marked reduction in 
expression of the main glutamate transporter, EAAT-2, in 
oligodendrocyte cultures was observed after treatment 
with 10 ng/mL TNFa (48 hours) (figure 4). 

Glutamate transporter mRNA and protein expression in 
normal human and MS tissue. Expression of the gluta- 
mate transporters EAAT-1 and EAAT-2 was confirmed at 
both the protein and the message level in normal human 
and MS white matter. As reported previously, 19 staining 
for both glutamate transporters in normal white matter 
was observed predominantly on oligodendrocytes (figure 5, 
A through C). Only a few of the stained cells were astro- 
cytes, and these tended to be localized to subcortical lay- 
ers. However, the astrocytic component was higher after 
staining for EAAT-1 than after EAAT-2 (figure 6). These 
results were compared with data obtained from a different 
approach: in situ hybridization of digoxigenin-labeled 



cDNA probes for EAAT-1 (515 to 928) and EAAT-2 (41 to 
486) with human white matter. In situ hybridization re- 
vealed a pattern of cellular EAAT-1 and EAAT-2 mRNA 
distribution identical to the respective expression of pro- 
tein, that is, prominent staining of oligodendrocytes and 
weak staining of scattered astrocytes and microglia (see 
figure 5, D and E). 

MS white matter displaying chronic active lesions (see 
figure 5F) was also examined by immunohistochemistry. 
In the center of active lesions, from which oligodendrocytes 
had been depleted, staining for both EAAT-1 and EAAT-2 
was markedly diminished (see figure 5,G and H). In early 
active lesions, reduction of EAAT-2 but not EAAT-1 ex- 
tended into normal-appearing white matter adjacent to 
lesions (see figure 5, I and J). In contrast, in both older 
chronic active lesions and chronic silent lesions, the area of 
reduced EAAT-1 and EAAT-2 expression was restricted to 
the immediate lesion perimeter (not shown). 

Discussion. In the current report, with the aid of 
human oligodendrocyte cultures, we have estab- 
lished that oligodendrocytes play a role in the re- 
moval of extracellular glutamate, a proposal 
stemming from a previous study on MS tissue. 19 As 
has been shown herein, cultured human fetal oligo- 
dendrocytes robustly expressed the major glutamate 
transporters EAAT-1 and EAAT-2. The functionality 
of the transporters was demonstrated by glutamate 
uptake studies in these cells, and EAAT-2 was found 
to facilitate the majority of glutamate transport. In 
human white matter, oligodendrocytes were the 
principal cells expressing glutamate transporters as 
demonstrated by both immunohistochemistry and in 
situ hybridization. 

The current work is in accordance with reports 
where glutamate transporters were observed in rat 
optic nerve oligodendrocytes both in situ and in 
vitro 16 * 17 but is at variance with earlier studies, 
mostly on rat brain, which attributed GLAST and 
GLT-1 (EAAT-1 and EAAT-2) expression exclusively 
to astrocytes 9 - 10 or to astrocytes and neurons. 11 - 1415 ' 26 
These studies focused primarily on gray matter 
where high levels of astroglial immunolabeling were 
found, with most intense labeling in areas of highest 
glutamatergic transmission, suggesting a role for as- 
trocytes as the principal retrievers of synaptically 
released glutamate. 12 In contrast to gray matter, glu- 
tamate release in white matter probably takes place 
at a much lower level, requiring in turn less gluta- 
mate uptake capacity. Correspondingly, glutamate 
transporter expression was reported to be largely ab- 
sent in white matter. 10 - 25 Thus, comparatively low 
transporter levels, although functionally significant 
in its environment, might not have been previously 
appreciated. 

The relative lack of glutamate transporters, espe- 
cially EAAT-2, in astrocytes in white matter (except 
for some low-level expression seen in subcortical lay- 
ers, more so of EAAT-1 than EAAT-2), places oligo- 
dendrocytes in a key position for maintaining 
glutamate homeostasis. Sources of possible gluta- 
mate release in white matter include axons following 
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Figure 5. Glutamate transporter ex- 
pression in human white matter, (A 
and C) Immunohistochemical staining 
of normal human white matter with 
EAAT-l (A) and EAAT-2 (C) reactivity. 
Transporters were localized predomi- 
nantly on oligodendrocytes. Astrocytic 
staining was limited and more com- 
monly seen with EAAT-l immunolabel- 
ing. (B) The identity of the respective 
cell types was confirmed by double la- 
beling with the oligodendrocyte pheno- 
typic marker (2\3 '-cyclic nucleotide 3'- 
phosphohydrolase) and EAAT-2. (D and 
D) In situ hybridization using 
digoxigenin- labeled cDNA probe to 
show mRNA expression for EAAT-l (D) 
and EAAT-2 (E). As with immunostain- 
ing of glutamate transporter protein, 
oligodendrocytes were identified as the 
most prevalent in situ hybridization- 
reactive cell type. (F) Hematoxylin/ eosin 
staining of the active multiple sclerosis 
(MS) lesion on which the immunohisto- 
chemical staining (below) was per- 
formed. From left to right: normal- 
appearing white matter, lesion edge, 
and active lesion center containing in- 
filtrates (asterisk). (G and H) Immuno- 
staining of the center of an early active 
MS lesion with EAAT-l (G) and 
EAAT-2 (H). Both EAAT-l and EAAT-2 
reactivity is minimal, occurring on as- 
troglial cells. (I and J) White matter 
adjacent to early active MS lesion is 
labeled with EAAT-l (I) and EAAT-2 
(J) antibodies. EAAT-l immunoreactiv- 
ity is largely preserved and is seen on 
oligodendrocytes (right) and astrocytes 
(center left). In contrast, expression of 
EAAT-2 is faint and markedly down- 
regulated on oligodendrocytes, x 750 (A 
to E); X160 (F); X750 (G to K). 



electrical activity 26 and astrocytes through a con- 
trolled Ca^-dependent process. 27 In addition, in con- 
ditions such as brain hypoxia and hypoglycemia, 
astroglial release of glutamate, due to either cellular 
swelling 26 or altered ion gradients (i.e., reversed 
transport), 29 has been observed. Moreover, in inflam- 
matory diseases of white matter such as MS, exces- 
sive glutamate release can occur from activated 
macrophages and microglia. iy - 80 

In MS white matter, where axons and oligoden- 
drocytes are thought to be major targets of gluta- 
mate excitotoxicity, 19,31 we have found that 
glutamate transporters were virtually absent from 
the center of active MS lesions from which oligoden- 
drocytes had been depleted. Interestingly, the loss of 
oligodendroglial EAAT-2 extended far into normal- 
appearing white matter where oligodendrocytes re- 
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mained viable. This selective loss of EAAT-2 may 
have a significant impact on glutamate clearance. In 
oligodendrocyte cultures, glutamate transport was 
substantially blocked by a selective EAAT-2 inhibi- 
tor, DHK, suggesting that glutamate uptake in oligo- 
dendrocytes was largely facilitated by EAAT-2. Thus, 
these findings underscore the likelihood of a gluta- 
mate imbalance at the periphery of MS lesions 
where EAAT-2 was selectively reduced. 

The degree of reduction in EAAT-2 expression ap- 
peared proportionate to lesion inflammation, thus 
implicating a diffusible mediator. Studies in vitro 
showed TNFa to reduce both EAAT-2 expression and 
glutamate uptake. The effect of TNFa was not the 
result of cytotoxicity as this same cytokine was found 
to have no detectable effect on cell viability at the 
concentration used. Similar studies on astrocytes 
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Figure 6. Glutamate transporter ex- 
pression on astrocytes in white matter, 
(A) Itnmunocytockemical staining for 
glial fibrillary acidic protein (GFAP; 
brown) and EAAT-1 (blue) in deep 
white matter reveals astrocytes to be 
GFAP-positiue only. The tissue is 
taken from a chronic active multiple 
sclerosis (MS) lesion. (B) hi the same 
case of MS, two astrocytes in the su- 
perficial layers of the subcortical 
white matter display double staining 
for GFAP (brown) and EAAT-1 (blue). 
(C) In a section adjacent to that used 
in (B) t double staining in a similar 
area of subcortical white matter is 
seen for GFAP and EAAT-2 on astrocytes. The frequency of EAAT-2- positive astrocytes was less than that for EAAT-1. 
X750. 




have demonstrated an inhibition of glutamate up- 
take after incubation with TNFa. 23 ' 32 This effect was 
suggested to be mediated by a mechanism involving 
nitric oxide, 33 However, TNFa was not found to in- 
terfere with glutamate transporters directly as their 
expression after TNFa treatment remained unal- 
tered. This discrepancy might be due to different 
regulatory mechanisms for glutamate transporters 
in oligodendrocytes and astrocytes. 

As TNFa is a major proinflammatory cytokine in 
the active MS lesion, 34 its presence may set the stage 
for its interference in glutamate transporter expres- 
sion, leading to reduced glutamate uptake. The exis- 
tence of a gradient in the reduction of EAAT-2 as one 
moves out of the lesion area corresponded with the 
pattern of TNFa reactivity that is maximal at the 
growing edge of the lesion. Thus, we propose that 
one of the pathogenic activities of TNFa in MS may 
be via its induction of glutamate excitotoxicity by 
reducing glial uptake of glutamate. 

Together with our previous work, 19 the results are 
consistent with the notion that oligodendrocytes are 
important players in glutamate uptake in human 
white matter. In MS, we speculate that TNFa may 
cause oligodendrocytes to lose this function within 
the environment of the lesion. It is apparent that the 
observed glutamate excitotoxicity in MS may be open 
to manipulation at least at two levels, that is, at the 
level of a down-regulator of glutamate retrieval (e.g., 
TNFa) and at the level of the glutamate receptor, 
where blockage has been shown to ameliorate CNS 
disease. 20 The addition of a key role for glutamate 
transporters in the pathogenesis of the MS lesion 
provides yet another important avenue for therapeu- 
tic exploration. 
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ABSTRACT 

Resveratrol (frans-3,5,4'-trihydroxystiIbene), a polyphenolic 
compound found in plant products, including red grapes, ex- 
hibits anticancer, antioxidant, and anti-inflammatory properties. 
Using an animal model of multiple sclerosis (MS), we investi- 
gated the use of resveratrol for the treatment of autoimmune 
diseases. We observed that resveratrol treatment decreased 
the clinical symptoms and inflammatory responses in experi- 
mental allergic encephalomyelitis (EAE)-induced mice. Further- 
more, we observed significant apoptosis in inflammatory cells 
in spinal cord of EAE-induced mice treated with resveratrol 
compared with the control mice. Resveratrol administration 
also led to significant down-regulation of certain cytokines and 
chemokines in EAE-induced mice including tumor necrosis fac- 
tor-a, interferon-y, interleukin (IL)-2, IL-9, IL-12, IL-17, macro- 
phage inflammatory protein-1 a (MIP-1a), monocyte chemoat- 



tractant protein-1 (MCP-1), regulated on activation normal 
T-cell expressed and secreted (RANTES), and Eotaxin. In vitro 
studies on the mechanism of action revealed that resveratrol 
triggered high levels of apoptosis in activated T cells and to a 
lesser extent in unactivated T cells. Moreover, resveratrol -in- 
duced apoptosis was mediated through activation of aryl hy- 
drocarbon receptor (AhR) and estrogen receptor (ER) and cor- 
related with up-regulation of AhR, Fas, and FasL expression. In 
addition, resveratroMnduced apoptosis in primary T cells cor- 
related with cleavage of caspase-8, caspase-9, caspase-3, 
po!y(ADP-ribose) polymerase, and release of cytochrome c. 
Data from the present study demonstrate, for the first time, the 
ability of resveratrol to trigger apoptosis in activated T cells and 
its potential use in the treatment of inflammatory and autoim- 
mune diseases including, MS. 



Resveratrol (irans-S.S^'-trihydroxystilbene), a nonflavi- 
noid polyphenolic compound found in a large number of plant 
products including mulberries, peanuts, and red grapes 
(Jang et al., 1997), is a member of the class of plant antibiotic 
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compounds produced as a part of a plant's defense system 
against fungal infection (Soleas et al., 1997). In recent years, 
it got attention not only for its usefulness in "French Para- 
dox" as a phytoestrogen agent (Kopp, 1998) but also for its 
anticancer (Clement et al., 1998; Bernhard et al., 2000; Dor- 
rie et al., 2001; Delmas et al., 2003; Atten et al., 2005), 
antioxidant (Kim et al., 2006b; Notas et al., 2006; Ovesn a et 
al., 2006), and an antiinflammatory properties (Donnelly et 
al, 2004; de la Lastra and Villegas, 2005; Cignarella et al., 
2006; Notas et al., 2006). Resveratrol is also an essential 



ABBREVIATIONS: resveratrol, frans-3,5,4'-trihydroxystilbene; AP-1, activator protein-1; AhR, aryl hydrocarbon receptor; ER, estrogen receptor; 
ConA, concanavalin A; mAb, monoclonal antibody; TNF-a f tumor necrosis factor-a; INF-y, interferon-y; IL, interleukin; RANTES, regulated on 
activation normal T-cell expressed and secreted; MIP, macrophage inflammatory protein; MCP, monocyte chemoattractant protein; Z-, N~ 
benzyloxycarbonyl-; FMK, fluoromethyl ketone; PARP, poly(ADP-ribose) polymerase; HRP, horseradish peroxidase; Ab, antibody; TUN EL, 
terminal deoxynucleotidyl transferase dUTP nick-end labeling; ANF, a-naphthoflavone; DMSO, dimethyl sulfoxide; TCDD, 2,3,7,8-tetrachlorod- 
ibenzo-p-dioxin; MOG, myelin oligodendrocyte glycoprotein; PCR, polymerase chain reaction; EUSA. enzyme-linked immunosorbent assay; BSA, 
bovine serum albumin; DC, dendritic cell; bp, base pair(s); TAM, tamoxifen; DiOC 6 , 3,3'-dihexyloxacarbocyanine iodide; PI, propidium iodide; KO, 
knockout; A^ m , mitochondrial membrane potential. 
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c0jn ponent of Ko-jo-kon, an oriental medicine used to treat 
diseases of the blood vessels, heart (Celotti et al., 1996; 
Soleas et al., 1997), and liver (Soleas et al., 1997). 

Resveratrol has been the focus of recent studies of its 
pharmacological and beneficial properties on a wide range of 
diseases, including neurological, hepatic, cardiovascular, and 
autoimmune (Baur and Sinclair, 2006). Resveratrol has been 
shown to exhibit anti-inflammatory properties, and the pos- 
sible mechanisms include inhibition of synthesis and release 
0 f pro-inflammatory mediators, modification of eicosanoid 
synthesis, and/or blockade of inducible nitric-oxide synthase 
and cyclo-oxygenase-2 pathways via its inhibitory effects on 
nuclear factor- kB or activator protein-1 (AP-1) (de la Lastra 
and Villegas, 2005). Resveratrol has been shown to improve 
health and survival of mice on a high-calorie diet and was 
found to mediate its effects through insulin sensitivity, re- 
duced insulin-like growth factor-1 levels, increased AMP- 
activated protein kinase and peroxisome proliferator-acti- 
vated receptor-y coactivator la activity, increased 
mitochondrial number, and improved motor function (Baur 
et al., 2006). The beneficial effects of resveratrol have led to 
introduction of resveratrol as a nutritional supplement in the 
market and its extensive use. 

Several reports demonstrate that resveratrol induces apo- 
ptosis in various cancer cells (Clement et al., 1998; Bernhard 
et al, 2000; Dorrie et al., 2001; Delmas et al., 2003; Atten et 
al., 2005), Although resveratrol has been shown to induce 
apoptosis in various cancer cells, the precise mechanisms and 
pathways involved in apoptosis of cancer cells are not simi- 
lar. There are reports demonstrating that resveratrol acts as 
a ligand for aryl hydrocarbon receptor {AhR) and promotes 
translocation of AhR from cytosol to the nucleus and binding 
to DNA at dioxin-responsive elements of various genes 
(Casper et al., 1999). Resveratrol has also been shown to 
interact with estrogen receptors (ER) and acts as a mixed 
agonist-antagonist for ER (Gehm et al., 1997; Bowers et al., 
2000). In addition, resveratrol has been shown to trigger 
CD95 signaling-dependent apoptosis in human tumor cells 
(Clement et al., 1998; Delmas et al., 2003). Dorrie et al. 
(2001) have shown that resveratrol induces apoptosis by de- 
polarizing mitochondrial membrane and activating caspase-9 
in acute lymphoblastic leukemia cells. Resveratrol may also 
induce FasL-related apoptosis through Cdc42 activation of 
ASKl/c-Jun NH 2 -terminal kinase-dependent signaling path- 
way in human leukemia HL-60 cells (Su et al., 2005). 

In the current study, we demonstrate for the first time that 
the anti -inflammatory properties of resveratrol can be attrib- 
uted, at least in part, to its ability to induce apoptosis in 
activated T cells. Furthermore, using a murine model of MS, 
we demonstrate that resveratrol can ameliorate the inflam- 
mation and clinical disease of EAE. 



Materials and Methods 

Mice. We purchased C57BL/6 (H-2 b ), AhR KO on C57BI/6 back- 
ground, B6.129P2Esrl (ER-a KO), and B6.129P2Esr2 (ER-/3 KO) 
■nice from The Jackson Laboratory (Bar Harbor, ME). OT II.2a 
<Co7BIV6-TgN (OT-II.2a)-RAGl tmlMom ) mice were purchased from 
laconic Farms (Garmantown, NY). The animals were housed in 
University of South Carolina Animal facility. Care and maintenance 
°f the animals were in accordance with the declaration of Helsinki 
*nd according to guide for the care and use of laboratory animals 



as adopted by Institutional and National Institutes of Health 
guidelines. 

Cell Line. EL4 (mouse T lymphoma cell line) cells, maintained in 
complete RPMI 1640 medium supplemented with 10% heat-inacti- 
vated fetal bovine serum, 10 mM L-glutamine, 10 mM HEPES, and 
100 fig/ml penicillin/streptomycin at 37*C and 5% C0 2 , were used in 
this study. 

Reagents and Antibodies. RPMI 1640, L-glutamine, HEPES, 
Gentamicin, Dulbecco's modified Eagle's medium, phosphate-buff- 
ered saline (PBS), and fetal bovine serum, were purchased from 
Invitrogcn (Carlsbad, CA). ConA was purchased from Sigma-Aldrich 
(St. Louis, MO). The following mAbs were purchased from BD 
Pharraingen (San Diego, CA): anti-mouse IgG-PE, FcBlock, CD3-PE 
(chain) purified anti-FasL (k-10), anti-FasL-PE (Kay-10), and anti- 
Fas-PE (Jo2). Inhibitors against caspase 3 (Z-DEVD), caspase 8 
(Z-IETD-FMK), and caspase 9 (Z-LEHD-FMK) were purchased from 
R&D Systems (Minneapolis, MN). The primary Abs caspase-2, 
caspase-3, caspase-8, caspase-9, cytochrome c, PARP, Bax, Bad, Bel- 
xl, c-FLIP (all from Cell Signaling Technologies, Danvers, MA), Bid 
(R&D Systems), and 0-actin (Sigma-Aldrich) for Western blots were 
used. HRP-conjugatcd secondary Ab was purchased from Cell Sig- 
naling Technologies (Danvers, MA). RNeasy Mini kit and iScript 
cDNA synthesis kit were purchased from QIAGEN (Valencia, CA). 
Epicenter's PCR premix F and Platinum Taq Polymerase kits were 
purchased from Invitrogen. TUNEL kits were purchased from Roche 
(Indianapolis, IN). cr-Naphthoflavone (ANF), an antagonist for AhR, 
and tamoxifen, an antagonist for ER, were purchased from Sigma- 
Aldrich. Resveratrol was purchased from Sigma-Aldrich. Resveratrol 
suspended in DMSO was used in the in vitro studies. 2,3,7,8-Tetra- 
chlorodibenzo-p-dioxin (TCDD) was a generous gift from Dr. K Chae 
(National Institute of Environmental Health Sciences, Research Tri- 
angle Park, NC). TCDD dissolved in DMSO was used in the in vitro 
studies. 

Effect of Resveratrol on Experimental Autoimmune En- 
cephalomyelitis (EAE) in Mice. EAE was induced in C57BL/6 
mice (8-10 weeks old) by subcutaneous immunization with 100 nl of 
20 mg or 150 mg of myelin oligodendrocyte glycoprotein (MOG 35 _ 65 ) 
peptide emulsified in complete Freund's adjuvant (Difco, Detroit, MI) 
containing 4 mg/ml killed Mycobacterium tuberculosis (strain 
H37Ra; Difco). After immunization, 400 ng of pertussis toxin (Sigma- 
Aldrich) was i.p. injected into mice on Days 0 and 2. Next, the mice 
received resveratrol (100 mg/kg of body weight) on a daily basis after 
day 2. Resveratrol was administered as a suspension in water (0.2 
ml) by oral gavage. Body weight and clinical score (0, no symptoms; 
1, limp tail; 2, partial paralysis of hind limbs; 3, complete paralysis 
of hind limbs or partial hind and front limb paralysis; 4, tetraparaly- 
sis; 5, moribund; 6, death) were recorded on daily basis. The mean 
clinical score was calculated for each group every day. 

Histopathoiogical Examination of EAE. Spinal cords from 
control or resveratrol treated mice were collected 25 days after im- 
munization. The spinal cord was fixed, paraffin blocks were pre- 
pared, microtome sections were generated, and tissue sections were 
stained using hematoxylin and eosin. The sections were examined 
for inflammatory cell infiltrates under a microscope. 

In Situ Apoptosis in Spinal Cord of EAE Mice. Spinal cords 
from control or resveratrol-treated mice were collected 25 days after 
immunization. The spinal cord was fixed, paraffin blocks were pre- 
pared, microtome sections were generated, and in situ TUNEL as- 
says were performed (DeadEnd Colorometric TUNEL System, Pro- 
mega, Madison, WI) on tissue sections. The sections were examined 
for apoptosis in inflammatory cell infiltrates under a microscope. 

Detection of Foxp3 Expression by RT-PCR. Total RNAs from 
spleen harvested from EAE mice treated with vehicle or resveratrol 
were prepared using the RNeasy minikit (QIAGEN, Germantown, 
MD). First-strand cDNA synthesis was performed in a 20-^1 reaction 
mix containing 2 jig total RNA using iScript Kit and following the 
protocol of the manufacturer (Bio-Rad Laboratories, Hercules, CA). 
After first-strand synthesis, 2 fi\ (10% of the reaction volume) was 
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used as a template for PCR amplification. To detect the expression of 
Foxp3, forward (5'-GGG GAA GCC ATG GCA ATA GTT-3') and 
reverse (5'-TGA AGT AGG CGA ACA TGC GAG TAA-3') primers 
specific to mouse Foxp3 were used. PCR was performed for 35 cycles 
using the following conditions: 30 s at 95°C (denaturing tempera- 
ture), 40 s at 56.7°C (annealing temperature), and 60 s at 72°C 
(extension temperature), with a final incubation at 72°C for 10 min. 
The PCR products, generated from mouse Foxp3 primer pairs, were 
normalized against PCR products generated from /3-actin (427 bp) 
forward (5'-AAG GCC AAC CGT GAA AAG ATG ACC-3') and re- 
verse (5'-ACC GCT CGT TGC CAA TAG TGA TGA-3') primers after 
electrophoresis on 1.5% agarose gel and visualization with UV light. 
The band intensity of PCR products was determined using Bio-Rad 
image analysis system (Bio-Rad Laboratories). 

Determination of Various Cytokines/Chemokines in Se- 
rum. Blood was collected on day 25 from vehicle or resveratrol- 
treated EAE mice. Various cytokines/chemokines present in blood 
serum were determined using Bio-PIex cytokine assay kit and ac- 
cording to the protocol of the company (Bio-Rad). 

Determination of Anti-MOG Antibody in Serum. Blood sam- 
ples were collected on day 25 from control (MOG) and resveratrol- 
treated (MOG + resveratrol) mice and anti-MOG antibody in blood 
sera was determined by performing ELISA. In brief, ELISA was 
performed in 96-well ELISA plates (BD Biosciences, San Jose, CA). 
The wells were coated with MOG peptide (1 mg/ml, 50 ml/well) in 
coating buffer (50 mM carbonate-bicarbonate buffer, pH 9.6) for 2 h 
at room temperature followed by overnight at 4°C. Blocking was 
done using 2% BSA in PBS for 1 h at room temperature. Wells were 
washed three times using wash buffer (PBS/0.05% Tween 20) fol- 
lowed by incubation with "serum " diluted in wash buffer containing 
1% BSA for 2 h at room temperature. After washing, wells were 
further incubated together with secondary antibody (goat anti- 
mouse IgG-peroxidase conjugate) diluted 1:20,000 in wash buffer 
containing 1% J3SA. After washing, ABTS substrate solution was 
added for color development and the plate was read at 405 nm using 
a microplate reader. Values are represented after appropriate blank 
corrections. 

Detection of ResveratroMnduced Apoptosis in Primary T 
Cells. To determine resveratrol-induced apoptosis in primary T 
cells, T cells from C57BL/6 mice were purified from the spleens using 
nylon wool column (Polysciences, Inc., Warrington, PA) followed by 
depletion of B cells and macrophages. The purity of T cells was more 
than 90% as determined by flow cytometry (Cytomics FC 500; Beck- 
man Coulter). T cells, unactivated or activated with ConA (2.5 tig/ml) 
for 24 h, were treated with vehicle (DMSO) or different concentra- 
tions (1-100 ftM) of resveratrol for 12 to 24 h. Apoptosis in unacti- 
vated or activated T cells after resveratrol exposure was determined 
by performing TUNEL assays (fluorescein isothiocyanate-dUTP 
nick-end labeling) using In situ Cell-Death Detection kit (Roche, 
Indianapolis, IN) as described previously (Camacho et al., 2004; 
Camacho et al., 2005) and/or using fluorescein isothiocyanatc-la- 
bclcd Annexin V and PI kit and following the company's protocol (BD 
Pharmingen). In some experiments, purified T cells were cultured in 
the absence or presence of ConA and mature syngeneic dendritic 
cells (DCs), generated from bone marrow of C57BL/6 mice as de- 
scribed previously (Inaba et al., 1992) for 24 h, and apoptosis was 
determined 24 h after vehicle or resveratrol treatment. Furthermore, 
we also examined resveratrol-induced apoptosis in antigen-specific 
activated T cells. For analysis of ovalbumin peptide (Ova323-339: 
ISQAVHAAHAEINEAGR)-specific activated T cells, we used puri- 
fied T cells from OT.II.2a mice and cultured them in the absence or 
presence of mature syngeneic DCs pulsed with agonist ovalbumin 
peptide for 2 days followed by treatment with vehicle or resveratrol" 
for 24 h and analyzed for proliferation and apoptosis. To investigate 
the effect of resveratrol on MOG-specific activated T cells, mice were 
immunized into the footpads with MOG (150 /xg/mice) + Freund's 
complete adjuvant. Seven days after immunization, popliteal -drain- 
ing lymph nodes were harvested, single-cell suspensions were pre- 



pared, and the cells (5 x 10 5 Avell) were cultured in the presence of 
MOG (10 ug/ml) + various doses (10-50 jxM) of resveratrol or vehicle 
for 3 days in vitro. Proliferation was determined by incorporation of 
[ 3 H] thymidine. 

Reverse Transcriptase PCR to Determine the Expression of 
AhR, Fas, and FasL in T Cells. Total RNA was isolated from 
unactivated or ConA-activated primary T cells treated with vehicle 
(DMSO) or resveratrol using RNeasy Mini Kit and following the 
protocol of the company (QIAGEN). First-strand cDNA synthesis 
was performed in a 20-/J.1 reaction mix containing 2 /ig of total RNA 
using iScript Kit and following the protocol of the manufacturer 
(Bio-Rad Laboratories). After first-strand synthesis, 2 /il (10% of the 
reaction volume) was used as a template for PCR amplification. To 
detect the expression of mouse-specific AhR (482 bp), FasL (435 bp), 
and Fas (486 bp), the protocols described previously (Singh et al., 
2007) were followed. The PCR products, generated from mouse AhR, 
Fas, and FasL primer pairs, were normalized against PCR products 
generated from mouse 18S forward (5'-GCC CGA GCC GCC TGG 
ATA C-3') and reverse (S'-CCG GCG GGT CAT GGG AAT AAC-3') 
primers after electrophoresis on 1.5% agarose gel and visualization 
with UV light. The band intensity of PCR products was determined 
using Bio-Rad Laboratories image analysis system. 

Determination of the Role of AhR in Resveratrol-induced 
T-Cell Apoptosis. To determine the role of AhR in resveratrol- 
mediated early signaling, we performed a series of in vitro assays 
using T cells from wild-type (C57BL/6) and AhR knock out (AhR KO) 
mice. In brief, purified T cells from wild-type or AhR KO mice were 
not activated or activated with ConA (2,5 /ig> for 24 h and then 
treated with vehicle (DMSO) or resveratrol (5-50 uM). Apoptosis in 
T cells 12 and/or 24 h after resveratrol treatments was determined 
by performing TUNEL assays and using flow cytometry as described 
previously (Camacho et al., 2004, 2005). Furthermore, 1 /iM/ml ANF, 
an antagonist for AhR, was added in the culture of wild-type T cells 
1 h before resveratrol treatment. The role of AhR in resveratrol- 
mediated early signaling was further determined by performing 
luciferase assays in the presence mouse Fas or FasL promoter in an 
expression vector (pGLr3) as described previously (Singh et al, 
2007). Luciferase expression was also determined in the absence or 
presence of ANF, an antagonist for AhR, in the culture. Data from 
three to four independent experiments were depicted as mean fluo- 
rescence units ± S.E.M. 

Determine the Role of ER in Resveratrol-induced T-Cell 
Apoptosis. To determine the role of ER in resveratrol-mediated 
early signaling, we performed a series of in vitro assays using T cells 
from wild-type (C57BL/6) and ER-ot and ER-/3 knockout mice. In 
brief, purified T cells from wild-type and ER-a and ER-/3 knockout 
mice, unactivated or activated with ConA (2.5 ng) for 24 h, were 
treated with vehicle (DMSO) or resveratrol (5-50 /iM). Apoptosis in 
T cells was determined by performing TUNEL assays and using flow 
cytometry 24 h after resveratrol treatments. Furthermore, 1 jiM 
tamoxifen (TAM), an antagonist for ER, was added in the culture of 
wild-type T cells 1 h before resveratrol treatment and apoptosis was 
determined. The role of ER in resveratrol-mediated signaling was 
further determined by performing luciferase assays in the presence 
mouse Fas or FasL promoter in an expression vector (pGL-3) as 
described previously (Singh et al., 2007). Luciferase expression was 
also determined in the~absence or presence of TAM. Data from three 
to four independent experiments were depicted as mean fluorescence 
units ± S.E.M. 

Role of FasL in Resveratrol-induced T-Cell Apoptosis. Pri- 
mary T cells from C57BL/6 mice were cultured in the absence or 
presence of antibody against mouse FasL (5 Mg/ml) 1 h before res- 
veratrol treatment. Apoptosis in T cells 24 h after resveratrol treat- 
ments was determined by performing TUNEL assays as described 
previously (Camacho et al., 2004, 2005). At least three independent 
experiments were performed and the data shown represent one 
representative experiment. Data from three to four independent 
experiments were also depicted as mean fluorescence units ± S.E.M. 
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Analysis of Caspa9e 3/7, Caspase 8, and Caspase 9 Activity. 

Caspases 3/7, 8, and 9 were measured in T cells exposed to resvera- 
tr0 l using the Apo-ONE Homogeneous Caspase-3/7, caspa3e-8, and 
caspase-9 Assays according to manufacturer's instructions (Pro- 
meg^ Madison. WI). In brief, ConA- activated T cells were treated 
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with various concentrations (5-50 u-M) of resveratrol or vehicle 
(DMSO) for 24 h at 37°C, 5% C0 2 . The following day, the cells were 
collected and used for caspase assays. A Wallac 1420 multilabel 
counter, Victor 2 (PerkinElmer Life and Analytical Sciences, 
Waltham, MA) was used to measure the relative fluorescence units of 
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I Fig. 1. Resveratrol treatment diminishes clinical symptoms of EAE. A and B, C57BIV6 mice were immunized with 20 p.g (A) or 150 jig (B) of MOGg^ 
I Peptide emulsified in complete Freund's adjuvant and 400 ng of pertussis toxin. These immunized mice received 100 mg/kg (A and B) or 250 mg/kg 
| (B) of resveratrol daily from day 2 until the termination of the experiment. C, images from immunohistopathological examination of spinal cord of 
|g EAE-induced mice. Spinal cords were collected from: a, normal mice; b, EAE-induced vehicle-treated mice; c, EAE-induced resveratrol-treated mice 
^ . Axrowa indicate infiltration of polymorphonuclear cells. D, in situ TUNEL assays for apoptosis in spinal cord of EAE-induced mice. Spinal cords from 
II normal mice (a), EAE-induced vehicle-treated mice (b), EAE-induced resveratrol-treated mice (c) were collected and in situ apoptosis was determined 
reat- 1 1 ^mg DcadEnd colometric TUNEL system. E, expression of various cytokines and chemokines in serum of EAE-induced mice on day 25 after 

dent§l 
one .ovf 



immunization that were treated with vehicle or resveratrol. F, expression of cytokine IL-17 in serum of EAE-induced mice on day 9. G, expression of 
l|i? ox P3 in splenocytes harvested from EAE induced mice (C57BL/6) treated with vehicle or resveratrol on day 25 after immunization. Lane 1, normal 
]gpleen; lane 2, MOG + Vehicle; lane 3, MOG + resveratrol (100 mg/kg), and lane 4: MOG + resveratrol (500 mg/kg). S-Actin was used as a positive 
, . . ^f^atrol. H ? presence of anti-MOG antibody in the sera of EAE induced mice (C57BL/6) treated with vehicle or resveratrol on day 25 after immunization, 
den . ; g^Data represent mean ± S.E.M. of six animals and asterisks (*) represent significant differences between resveratrol-treated groups compared with 
p 1; vehicle controls. 
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each sample at an excitation wavelength of 485 nm and at an emis- 
sion wavelength of 535 nm. Luminescence of caspase-8 and caspase-9 
was measured using Wallac 1420 muitilabel counter, Victor 2 
(PerkinElmer Life and Analytical Sciences). Data from three to four 
independent experiments were depicted as mean fluorescence 
units ± S.E.M. 

Caspase Blocking Assays to Determine the Role of Various 
Caspases in Res veratrol -Induced T-Cell Apoptosis. To investi- 
gate the role and participation of caspases in resveratrol- induced 
apoptosis in primary T cells, we performed in vitro assays as de- 
scribed above (under Detection of Resveratrol-Induced Apoptosis in 
Primary T Celts) with inhibitors specific, to mouse caspase-3 (Z- 
DEVD), caspase-8 (Z-IETD-FMK), and caspase-9 (Z-LEHD-FMK) at 
a concentration of 20 jxM. The cells were incubated with various 
caspase inhibitors for at least 1 h before resveratrol treatment. T 
celh were harvested 24 h after vehicle or resveratrol treatment, and 
TUNEL assays were performed to determine apoptosis as described 
previously (Camacho et al., 2004, 2005). At least three independent 
experiments were performed and the data shown represent one of 
the experiments. 

Immunoblot Analysis. Immunoblotting was performed as de- 
scribed previously (Camacho et al., 2005). The source of antibodies 
was as follows (all from Cell Signaling Technologies unless otherwise 
specified): caspase-2 (1:1000; Alexis Laboratories, San Diego, CA), 
caspase-3, caspase-8, and caspase-9 (1:2000), Bid, (1:1000; R&D 
Systems), cytochrome c (1:2000), PARP (1:2000), Bax (1:2000), Bad 
(1:2000; Cell Signaling), Bcl-xi (1:2000), Smac (1:2000), c-FLIP (1: 
2000), and 0-actin (1:50,000; Sigma-Aldrich). HRP-conjugated sec- 
ondary Ab was used at 1:4000 dilution (Cell Signaling Technologies). 
Lysates from resveratrol-treated cells were prepared by freezing and 
thawing, and the protein concentration was measured using stan- 
dard Bradford assay (Bio-Rad Laboratories). The proteins were frac- 
tionated in SDS-polyacrylamide gel electrophoresis and transferred 
onto polyvinylidene difluoride membranes using a dry-blot appara- 
tus (Bio-Rad Laboratories). The membrane was incubated in block- 
ing buffer for 1 h at room temperature, followed by incubation in 
primary antibody at 4°C overnight. The membrane was then washed 
three times (10-15 min) with washing buffer (PBS + 0.2% Tween 20) 
and incubated for 1 h in HRP-conjugated secondary antibody (Cell 
Signaling Technology) in blocking buffer. The membranes were then 
washed several times and incubated in developing solution (equal 
volume of solution A and B; ECL Western blotting detection re- 
agents; GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK) 
and signal was detected using ChemiDoc System (Bio-Rad Labora- 
tories). Densitometry analyses of the Western blots were performed 
using ChemiDoc software (Bio-Rad Laboratories). 

Analysis of Mitochondrial Membrane Potential. Mitochon- 
drial membrane potential Ui// m ) of T cells after vehicle (DMSO) or 
resveratrol treatment was determined using 3,3'-dihexyloxacarbo- 
cyanine iodide (DiOC 6 ) dye as described previously (Camacho et al., 
2004, 2005). Propidium iodide (PI) was used to differentiate the dead 
cells. At least three independent experiments were performed. 

Statistical Analysis. Results presented here represent at least 
three independent experiments and are presented as the mean i 
S.E.M. Statistical analyses were performed using Student's t test or 
two-factor ANOVA as appropriate, with a P value of £ .05 considered 
to be statistically significant. For EAE, significant difference be- 
tween control and experimental groups was determined using the 
Mann- Whitney U test (*, p < 0.01). 



Results 

Resveratrol Suppressed the Development of EAE in 
Mice. Resveratrol is known to exhibit anti-inflammatory 
properties. In the current study, therefore, we investigated 
whether resveratrol would be effective in the tretament of 
EAE, a model for human multiple sclerosis. To this end, EAE 
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Fig. 2. Resveratrol triggers apoptosis in primary T cells. Purified prim^ 
T cells from C57BIV6 mice were activated or not with ConA for 2f 
followed by treatment with resveratrol or vehicle for 12 to 24 h (A-C| 
cells were analyzed for apoptosis by TUNEL assays CA and B) 
Annexin V7PI (C). A demonstrates representative experiment for ap°{feS| 
sis and B shows mean ± S.E.M. of four independent experiments^^® 
demonstrates representative experiment on apoptosis determined u?|fflSL 
Annexin V7PI. Cells stained for Annexin but negative for PI alone Hg||g 
been depicted. We observed 5 to 6% dead (Pi-positive) cells (data/,; 
shown). Asterisks (*) indicate statistically significant difference bt;tw|j 
resveratrol-treated groups compared with vehicle controls. 
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! re sveratrol (100 mg/kg) daily from day 2 until the termina- 
tion of experiment. Clinical scores of disease were recorded 
sjjflily, A mean clinical score was calculated for each group for 
each day. As seen from Fig. 1A, with 20 \Lg of MOG, the 
symptoms started to develop around day 19 and resveratrol 
at 100 mg/kg caused significant suppression of clinical symp- 
toms of EAE (p < 0.001; by Mann-Whitney U test). For 
example, in resveratrol-treated mice, the clinical scores 
never reached above 2, whereas in control mice, the score 
reached a peak of 4. The clinical score correlated well with 
histopathological data showing that there was a dose-depen- 
dent decrease in inflammatory response seen in the spinal 
cord of EAE-induced mice that were administered resveratrol 
(Fig- 1C). Next, we tested whether resveratrol would be ef- 
fective against EAE induced with a higher dose of MOG, 
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which triggers an early onset of clinical disease. To this end, 
we repeated experiments described above except that we 
injected a higher dose of MOG (150 fig) and tested the effect 
of resveratrol at two doses (100 and 250 mg/kg body weight). 
In these experiments we noted that the vehicle-treated mice 
showed symptoms of paralysis much earlier, by day 10 (Fig. 
IB). It is noteworthy that when similar groups of MOG- 
injected mice were treated with resveratrol, there was not 
only a delay in the onset of the symptoms (> 6 days) but also 
a dramatic, dose-dependent reduction in the clinical disease 
(Fig. IB; p = 0.0094 by Mann-Whitney U test). Resveratrol 
was more effective in delaying the onset of clinical disease 
when EAE was induced using a higher dose of MOG. This 
might be because the anti-inflammatory properties of res- 
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1 Fig. 3. Resveratrol causes apoptosis in antigen-specific activated T cells in vitro. Purified primary T cells from OT.II.2a mice were activated with 
\ ovalbumin-apecific peptide (ISQAVHAAHAEINEAGR) by coculturing T cells and peptide-pulsed mature DCs for 2 dayB and then treated with various 
r doses of resveratrol (5-50 /xM; A-C). Proliferation of T cells was determined by p*H] thymidine incorporation (A) 24 h after resveratrol or vehicle 
Exposure and apoptosis as determined by TUNEL assays (B and C). A represents mean ± S.E.M. of triplicate cultures and data were expressed as 
-change in counts per minute. Asterisks (*) represent significant difference in proliferation of antigen-specific (ova-peptides) activated OT.II.2a T cells 
vlreatcd with resveratrol compared with vehicle controls. B is a representative of three independent TUNEL assays, and C represents mean ± S.E.M. 
; : »f three independent TUNEL experiments and asterisks (*) represent significant difference in apoptosis between resveratrol-treated group3 compared 
pith vehicle controls. D, popliteal draining lymph nodes were harvested from mice immunized with MOG {150 jtg/mice) on day 7 and cultured in the 
[Presence of MOG (10 ng/ml) and vehicle or resveratrol {10-50 fiM) for 3 days. Proliferation of lymph node cells was determined by [ 3 H]thymidine 
incorporation (D). D represents mean Z S.E.M. of triplicate cultures. Asterisks (*) represent significant difference in proliferation of MOG-specific 
| activated lymph node cells treated with resveratrol compared with vehicle controls. 
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veratrol may be more effective at early stages of administra- 
tion, an aspect that needs further investigation. 

Resveratrol-Mediated Apoptosis Reduced Inflamma- 
tory Cells in Spinal Cord. Histological studies revealed 
that resveratrol treatment significantly inhibited the inflam- 
mation induced by MOG (Fig. 1C, compare b and c). Next, we 
performed in situ TUNEL assays to determine apoptosis in 
migrating inflammatory cells in spinal cord as described 
wilder Materials and Methods. When we counted the number 
of apoptotic cells at sites of inflammation at 20 different 
fields using a microscope, we noted six apoptotic cells in 
untreated mice, 17 in MOG + vehicle-treated mice and 49 in 
MOG + resveratrol -injected mice (Fig. ID). These data sug- 
gested that presence of less inflammation in spinal cord of 
resveratrol-treated EAE mice compared with vehicle-treated 
EAE mice might result from resveratrol-mediated apoptosis 
in inflammatory cells. 

Effect of Resveratrol on Cytokine/Chemokine Pro- 
file and Foxp3 Expression in EAE-Induced Mice. Next, 
we examined the presence of various cytokines in the sera of 
EAE-induced mice and observed significant reduction in cer- 
tain cytokines [tumor necrosis factor-a (TNF-a), interferon- y 
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(INF-7), interleukin (IL)-2, IL-9, IL-12, IL-17, macrophage 
inflammatory protein-la (MIP-loO, monocyte chemoattrac- 
tant protein-1 (MCP-1), regulated on activation normal T-cel] 
expressed and secreted (RANTES)] and a modest increase in ; 
other cytokines (IL-6, IL-17, and granulocyte cell-stimulating 
factor) in the serum of mice treated with resveratrol (Fig. 
IE), compared with vehicle-treated mice with EAE, demon- 
strating that resveratrol treatment decreased the induction 
of a majority of cytokines screened. Of particular interest was 
the demonstration that vehicle-treated mice with EAE exhib- 
ited very high levels of eotaxin, which was dramatically de- 
creased after resveratrol treatment. Recent studies have 
shown that IL-17 plays a critical role in EAE. Thus, we were 
surprised at the low levels of IL-17 seen during EAE in the 
serum and the fact that resveratrol did not decrease trie- 
levels. This may be because the serum was analyzed for ; 
cytokines on day 25 of EAE. It is noteworthy that when we 
measured the levels of IL-17 on day 9 of EAE, we found that : 
IL-17 levels were increased in vehicle-treated EAE mice and ; 
that resveratrol treatment caused a significant decrease in i 
IL-17 levels (Fig. IF). Furthermore, we also examined the < 
effect of resveratrol on induction of Foxp3, an important ; 
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Fig. 4. Role of Fas and FasL in resveratrol-mediated apoptosis in T cells. Expression of Fas and FasL in unactivated or ConA-activated T cells was 
determined by staining the cells with anti-mouse Fas-PE and anti-mouse FasL-PE antibodies and analyzed by Flow cytometry and RT-PCR. A, 
expression of FasL in unactivated or ConA-activated T cells 12 and 24 h alter resveratrol or vehicle treatment (flow cytometry). B, expression of Fa3 
in unactivated or ConA-activated T cells 12 and 24 h after resveratrol or vehicle treatment. C, mean fluorescent intensity of FasL and Fas expression 
after resveratrol or vehicle treatment. C represents mean ± S.EM, of three independent experiments and asterisks (*) represent significant difference 
between resveratrol-treated groups compared with vehicle controls. D, expression of AhR, Fas, and FasL in unactivuted T cells and activated T cells , 
(T cells + ConA) using RT-PCR. 1SS, a housekeeping gene, was used as a positive control. 
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transcription factor of Treg cells during EAE development. 
We observed significant up-regulation of Foxp3 gene in 
spienocytes of mice treated with resveratrol, compared with 
control mice (Fig. 1G). 

Effect of Resveratrol on Production of Anti-MOG An- 
tibody in EAE Mice. We determined whether resveratrol 
had any effect on the production of antibody against MOG 
peptides in EAE-developing mice. Upon analysis of anti- 
MOG antibody production, we observed significantly less pro- 
duction of anti-MOG antibody in resveratrol-treated EAE 
mice compared with vehicle-treated EAE mice (Fig. 1H). 
These data demonstrated that resveratrol effectively blocked 
the production of anti-MOG antibody in EAE mice. 
Effect of Resveratrol on Unactivated and Activated 
- Primary T Cells. We next performed in-depth analysis of 
the mode of action of resveratrol using in vitro assays. To this 
end, purified T cells from C57BL/6 mice were either unacti- 
vated or activated with ConA for 24 h and treated with 
various concentrations of resveratrol (5-100 juM). These con- 
centrations were selected based on pilot studies in which we 
noted that resveratrol at <5 (jM concentrations did not in- 
duce significant apoptosis in T cells. First, we determined the 
survival of primary T cells after resveratrol or vehicle treat- 
ments using trypan blue dye and observing the cells under an 
inverted phase contrast microscope. We observed a statisti- 
cally significant effect of resveratrol on survival of T cells 
(data not shown); the total number of viable unactivated or 
ConA-activated primary T cells was reduced in a dose-depen- 
dent manner. However, we observed significantly higher re- 
duction in survival of ConA-activated primary T cells after 
resveratrol treatment at all doses (data not shown). The data 
obtained from TUNEL assays demonstrated that primary T 
cells unactivated or activated with ConA and cultured in the 
presence of resveratrol underwent apoptosis in a dose-depen- 
dent fashion (Fig. 2, A and B). The induction of apoptosis by 
resveratrol was also confirmed using Annexin V/PI staining 
(Fig. 2C). We observed 5 to 6% necrotic (PI positive) cells 
(data not shown). These data demonstrated that resveratrol 
can induce apoptosis in primary T cells and that activated T 
cells are more sensitive to resveratrol-induced apoptosis com- 
pared with unactivated T cells. 

Resveratrol Induced Apoptosis in Antigen-Specific 
Activated T Cells. Next, we investigated whether resvera- 
trol would induce apoptosis in antigen-specific T cells acti- 
vated by DCs. To this end, we used purified T cells from 
OT.IL2a mice, which recognize specific ovalbumin peptides, 
cultured them alone or in the presence of syngeneic mature 
DCs or DCs pulsed with agonist ovalbumin peptides 
(Ova323-339: ISQAVHAAHAEINEAGR) for 3 days and then 
treated with various concentrations (5-50 piM) of resveratrol 
for 24 h. The T cell proliferation was measured by thymidine 
( 3 H) incorporation and apoptosis in T cells was determined by 
gating CD3 positive T cells and detecting TUNEL positive T 
cells. We noted a dose-dependent decrease in antigen-specific 
T cell proliferation upon resveratrol treatment (Fig. 3A). 
Using TUNEL analysis, we noted dose-dependent apoptosis 
in unactivated T cells and in T cells cultured with DCs. 
Moreover, significant apoptosis was also noted in T cells 
cultured with DCs + ovalbumin peptide (Fig. 3, B and C). We 
noted that the levels of apoptosis, particularly at higher 
concentrations of resveratrol, were slightly higher in cultures 
consisting of T + DCs + ova compared with T cells alone. 



However, these differences in susceptibility of antigen-acti- 
vated T cells versus unactivated T cells were less dramatic 
than ConA-activated T cells. This may be because in the ova 
experiments, the T cells had been cultured in vitro for 2 days 
before resveratrol treatment. Furthermore, upon examina- 
tion of the effect of resveratrol on MOG-specific activated T 
cells, sve observed significant reduction in proliferation of 
MOG-specific activated T cells in the presence of resveratrol, 
compared with vehicle treatment (Fig. 3D). Together, these 
data demonstrated that antigen -specific activated T cells be- 
came more susceptible to resveratrol-induced apoptosis. 

Resveratrol Up-Regulated AhR, Fas, and FasL Ex- 
pression in T Cells. Next, we determined whether resvera- 
trol regulated the expression of AhR, Fas, and FasL in T cells 
in vitro by staining the cells with mouse-specific anti-Fas and 
FasL antibodies, respectively, and performing RTrPCR. Ve- 
hicle-exposed activated but not unactivated T cells expressed 
significant levels of FasL (Figs. 4A and C). Furthermore, 
resveratrol treatment caused significant and dose-dependent 
increase in FasL in both unactivated and activated T cells 
(Fig. 4, A and C). We also observed a significant increase in 
expression of Fas in both unactivated and activated upon 
resveratrol treatment (Fig. 4, B and C). Data obtained from 
RT-PCRs for the expression of Fas, and FasL in T cells after 
reseveratrol/vehicle treatments corroborated flow cytometry 
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Fig. 5. FasL plays critical role in induction of death-receptor pathway of 
apoptosis by resveratrol. T cells purified from C57BL/6 (wild-type) mice 
were activated with ConA and cultured in the presence of vehicle or 
resveratrol (5-50 jiM) and incubated in the absence or presence of mouse- 
specific anti-FasL Ab. Apoptosis in T cells was determined by TUNEL 
assays. The data presented in A are representative of three independent 
experiments. B represents mean of three independent experiments, and 
asterisks (*) represent significant reduction in resveratrol-induced apo- 
ptosis of T cells cultured in the presence of FasL Ab compared with the 
controis. 
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data (Fig. 4D). In addition, resveratrol treatment caused a 
significant increase in expression of AhR in both unactivated 
and activated T ceils, compared with vehicle (DMSO)-treated 
T cells as determined by RT-PCR (Fig. 4D). We observed 
similar 18S (a house keeping gene) expression between res- 
veratrol- and vehicle-treated T cells (Fig. 4D). 

FasL Played a Significant Role in Initiating Death- 
Receptor Pathway during Resveratrol-induced T-Ceil 
Apoptosis. To test the role of FasL in resveratrol-induced 
apoptosis in T cells, we performed in vitro assays using 
primary T cells from C57BL/6 mice. Purified T cells were 
activated with ConA for 24 h followed by culture in the 
absence or presence of anti-mouse FasL mAb (5 pg/ml). We 
observed significant reduction in resveratrol-induced T-cell 
apoptosis when Abs against FasL mAb was added to the 
culture (Figs. 5A and B). Addition of isotype control Abs 
failed to exhibit any significant effect on resveratrol-induced 
apoptosis (data not shown). The data suggested a role 
for FasL in initiating resveratrol -mediated death-receptor 
pathway. 



Role of AhR In Resveratrol-induced Apoptosis in T 
Cells. We tested the role of AhR in resveratrol-induced apo. 
ptosis in T cells. To this end, we performed a series of in vitro 
assays using primary T cells from wild-type (C57BL/6) or 
AhR KO mice. We observed significantly less resveratrol- 
induced apoptosis in T cells from AhR KO mice compared 
with AhR wild-type mice at all resveratrol doses tested (Fig. 
6, A and B). Likewise, we observed significant reduction in 
resveratrol-induced apoptosis in T cells from wild-type mice 
in the presence of ANF, an antagonist for AhR compared with 
T cells that were cultured in the absence of ANF (Fig. 5C). 
These data together demonstrated that AhR plays an impor- 
tant role in initiating early signals leading to resveratrol- 
induced T-cell apoptosis. Furthermore, upon examination of 
luciferase expression under the control of mouse Fas or FasL 
promoter after resveratrol treatments, we observed up-regu- 
lation of luciferase expression under the control of Fas or 
FasL promoter (Fig. 6D), but the expression of luciferase was 
significantly reduced in the presence of ANF (Fig. 6D) 
thereby suggesting that AhR activation may regulate the 
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Fig. 6. Role of AhR in resveratrol-induced apoptosis in T cells. A, unactivated or ConA-activated purified T cells from AJifi. wild- type or AhR KO mice 
were treated with vehicle or resveratrol, and apoptosis was determined by performing TUNEL assays as described in Fig. 2. B, mean ± S.E.M. of three 
independent experiments; asterisks (*) represent significant difference of resveratrol-induced apoptosis in AhR KO T cells compared with wild-type 
T ceils. C, unactivated or ConA-activated T cells were cultured with resveratrol (10-50 pM) or vehicle (DMSO) for 24 h in the absence or presence of 
ANF in the culture and TUNEL assays were performed. The data presented are representative for 3 independent assays. D, ConA-activated EL4 cells 
were transfected with pGL-3-Fas or pGL-3-FasL promoter, cultured in the presence of resveratrol (5-25 pM) or vehicle for 24 h in the absence of 
presence of ANF in the culture, and luciferase assays were performed. Data represent mean of three independent experiments, and asterisks (*) 
indicate significant down-rogulation of luciferase expression in the presence of ANF compared with cultures that did not receive ANF. Expression of 
luciferase in the presence of FasL promoter and treated with TCDD represents positive control. 
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expression of Fas and FasL by resveratrol. In these experi- 
ments, we used TCDD as a positive control because our 
previous studies demonstrated that it up-regulates FasL ex- 
pression (Singh et al., 2007). It should be noted that T cells 
.. from AhR KO mice did exhibit decreased apoptosis at all 
doses of resveratrol (Fig. 6, A and B), and ANF was only 
partially able to block resveratrol-induced apoptosis. 
These data suggested that in addition to AhR, other mol- 
ecules might also play a role in initiating resveratrol- 
induced apoptosis. 

Resveratrol Also Used Estrogen Receptor (ER) to 
Initiate Early Signaling Leading to Apoptosis. To exam- 
ine the role of ER in resveratrol-induced early signaling, we 
purified T cells from wild-type (C57BL/6), ER-a, and ER-£ 
KO mice and cultured them in the absence or presence of 
TAM and treated the cells with vehicle or various concentra- 
tions (5-50 /xM) of resveratrol. We observed significantly 
lower resveratrol-induced apoptosis in T cells from ER-a KO, 
compared with wild- type mice (Figs. 7, A and B). However, 
we observed no difference in resveratrol-induced apoptosis in 



T cells from wild-type (Fig. 7A) and ER-jS KO mice (Fig. 7B). 
These data demonstrated that ER-a plays an important role 
in resveratrol-induced apoptosis. Furthermore, when T cells 
from wild-type mice were cultured in the presence of TAM 
. and treated the cells with vehicle or various concentrations of 
resveratrol (10-50 ttM), we observed significant reduction in 
T-cell apoptosis in the presence of TAM (Fig. 7C), further 
demonstrating the role of ER in resveratrol-induced apopto- 
sis. Because addition of ANF (Fig. 6C) or TAM (Fig. 7C) 
separately to cultures had partially blocked resveratrol-in- 
duced apoptosis, we further investigated the effect of a com- 
bination of ANF + TAM (Fig. 7C). The data demonstrated 
that combination treatment with TAM + ANF completely 
reversed the resveratrol-induced apoptosis .in T cells and 
brought the apoptosis to the level seen with the vehicle- 
treated groups. Upon examination of luciferase expression 
under the control of mouse Fas or FasL promoter after res- 
veratrol treatments, we observed up-regulation of luciferase 
expression under the control of Fas or FasL promoter (Fig. 
7D), but the expression of luciferase was significantly re- 
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Fig. 7. Role of ER in resveratrol-induced apoptosis in T cells. A, unactivated T cells from wild-type (C57BL>6), ER-a knockout, ER-0 knockout mice 
were cultured in the presence of various concentration (5-50 pM) of resveratrol (Res) or vehicle (DMSO) for 24 h, and TUNEL assays were performed 
24 h after treatment. The data presented are representative of three independent assays. B, ConA-activated T cells from wild-type (C57BL/6), ER-a 
knockout, and ER-/3 knockout mice were cultured in the presence of various concentration (5-50 jxM) of resveratrol (Res) or vehicle (DMSO) for 24 h, 
and TUNEL assays were performed 24 h after treatment. The data presented are representative of three independent assays. C, unactivated or 
ConA-activated T cells were cultured with resveratrol (10-50 |lcM) or vehicle (DMSO) for 24 h in the absence or presence of TAM alone or in 
combination with ANF (TAM+ANF) in the culture and TUNEL assays were performed. The data presented are representative for three independent 
assays. D, ConA-activated EL4 cells were transfected with pGL-3-Fas or pCL-3-FasL promoter, cultured in the presence of resveratrol (5-25 uM) or 
vehicle for 24 h in the absence or presence of TAM alone or in combination of ANF (TAM+ANF) in the culture, and luciferase assays were performed. 
D, mean ± S.E.M. of three independent experiments; asterisks (*) represent significant down-regulation of luciferase expression compared with 
controls. 
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duced in the presence of TAM (Fig. 7D) demonstrating the 
role of ER in activation of Fas and FasL. Furthermore, a 
combination of TAM + ANF (Fig. 7D) was further able to 
decrease the luciferase activity, thereby corroborating the 
involvement of both ER and AhR in the regulation Fas and 
FasL by resveratrol. 

Resveratrol Triggered Both Death-Receptor (Extrin- 
sic) and Mitochondrial (Intrinsic) Pathways to Cause 
Apoptosis in T Cells. To investigate the role of various 
apoptotic pathways in resveratrol-induced T-cell apoptosis, 
we determined the role of various caspases (caspase-3/7, 
caspase-8, and caspase-9). Standard enzymatic assays using 
caspase assays reagents from Promega and following the 
compan/s protocols were performed after vehicle or resvera- 
trol exposure of T cells for 24 h. We observed significantly 
increased caspase enzymatic activities for all three caspases 
examined in ConA-activated, resveratrol-treated T cells com- 
pared with vehicle- treated T cells (Fig. 8A). The role of var- 
ious caspases was further confirmed by blocking caspase 
activity using various caspase inhibitors (caspase-3, 
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Fig. 8. Resveratrol activates and cleaves various caspases to cause apo- 
ptosis in primary T cells. Enzymatic activities of caspase-3/7, -8, and -9 
were determined in ConA-activated primary T cells 24 h after resveratrol 
treatment. A, caspase-3/7, -8, and . -9 activities, and the data represent 
mean of three independent experiments. Vertical bars represent S.E. of 
three experiments. Asterisks (*) represent statistically significant (p < 
0.02) increase in enzymatic activities of caspase-3, -8, and -9 in resvera- 
trol-treated groups compared with vehicle-treated T cells. B, ConA-acti- 
vated T cells were cultured with vehicle or resveratrol in the presence or 
absence of inhibitors of caspase-3, -8, and -9. The data presented are 
representative of three independent experiments. 



Z-DEVD; caspase-8, Z-IETD-FMK; and caspase-9; Z-LEHD- 
FMK). TUNEL assays performed on ConA-activated T cells 
that were cultured in the presence of various caspase inhib- 
itors and treated with reveratrol (10-50 fjM) demonstrated 
almost complete blocking (-90%) of resveratrol-induced TV 
cell apoptosis in the presence of caspase-3 inhibitor (Fig. 8B), 
significant blocking (—65%) in the presence of caspase-8 in- 
hibitor (Fig. 8B), and partial blocking (-50%) in the presence 
of caspase-9 inhibitor (Fig. 8B). These data demonstrated 
that resveratrol-induced apoptosis in T cells was caspase- 
dependent and that caspases-3, -8, and -9 participated in 
resveratrol-induced T-cell apoptosis. 

To further corroborate the role of caspases, Western blot 
analysis for various caspases was performed. The data dem- 
onstrated that resveratrol treatment caused cleavage of 
caspases-8, -3, and -9 (Fig. 9A). Resveratrol treatment also 
caused a decrease in c-FLIP and cleavage of PARP (Fig. 9A). 

We also examined the expression of BAD, Bcl-xl, and Smac 
in resveratrol-treated activated T cells and observed signifi- 
cant reductions after resveratrol exposure. These data dem- 
onstrated that resveratrol caused decrease in expression of 
antiapoptotic genes such as Bcl-xl and Smac and thus al- 
lowed apoptosis in T cells. As shown in Fig. 9C, cytochrome c 
was released from mitochondria to cytoplasm in resveratrol- 
treated T cells, thus demonstrating the role of the mitochon- 
drial pathway in resveratrol-induced T cell apoptosis. 

To further corroborate the role of mitochondrial pathway, 
we examined mitochondrial membrane potential loss (Ai£ m ) 
using DiOC 6 dye after resveratrol or vehicle treatment. We 
observed significant reduction in Ai|/ m in resveratrol-treated 
T cells compared with vehicle-treated T cells (Fig. 9D). How- 
ever even at a high dose of 50 /iM resveratrol, we noted 
moderate levels of reduction in A^ m (in -24% cells), suggest- 
ing that mitochondrial pathway plays only a partial role in 
resveratrol-mediated apoptosis. 
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Discussion 

Multiple sclerosis is an autoimmune disease that affects || y 
the central nervous systems of patients and is triggered by ; t| g[ 
myelin-specific T cells that cause inflammation, resulting in|||: 
demyelinated plaques and neurological symptoms (Sospedra |g jgi 
and Martin, 2005). In the current study, we investigated the|| 
effect of resveratrol on EAE by triggering the clinical disease||| 
in C57BL/6 mice through injection of MOG. We noted thatv| 
resveratrol treatment had the following beneficial effects ° n |g§§ 
EAE compared with vehicle- treated control mice: 1) Signifi-^p 
cant decrease in severity and delayed onset of clinical disease fgm. 
(Fig. 1, A and B), 2) presence of less number of inflammatory « |> 
cells in the spinal cord (Fig. 1C), 3) increased numbers ofiSR 
apoptotic inflammatory cells in the spinal cord (Fig. ID), 4)||H| ; 
down-regulation of a majority of cytokines tested (Fig. lE)J||p 
and IL-17 (Fig. IF), 5) up-regulation of Foxp3 (Fig. 1G), andS£ 
6) Reduced anti-MOG antibody production (Fig. 1H). Tne|§j| 
presence of fewer inflammatory cells in spinal cords of res^p 
veratrol-treated EAE-induced mice correlated with increased||||| 
apoptosis, thereby suggesting that resveratrol may act in"g 
vivo through induction of apoptosis in activated T cells. Up- 
regulation of Foxp3 in resveratrol-treated mice demonstrates^ 
an increase in the regulatory T cell activity, which has beenj| 
shown to play important role in immunosuppression (Hum^ 
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Fig. 9. Resveratrol activates members of death-receptor and mitochon- 
drial pathways. Cell lysates prepared from resveratrol -treated (24 h) 
(inactivated primary T cells (A and B) and unactivated <-ConA) or 
activated primary T cells (+ConA) (C) were resolved by SDS-polyacryJ- 
amide gel electrophoresis and probed with primary Abs against various 
appropriate molecules. A and B, cell lysates prepared from unactivated 
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rich and Riemekasten, 2006; Jiang et al., 2006a,b; Kim e ^ a j 
2006a; Seo et al., 2007). 

We noted significant reduction in certain cytokines (TNF 
IFN-7, IL-2, IL-9, IL-12, MlP-la, MCP-1, and RANTES) and 
a modest increase in other cytokines (IL-6, IL-17, and gran- 
ulocyte cell-stimulating factor) in serum of EAE-induced 
mice treated with resveratrol (Fig. IE). These data are con- 
sistent with reports demonstrating resveratrol-mediated 
suppression of various cytokines such as IFN-y (Wirleitner et 
al., 2005), TNF-a, IL-1/3, IL-2, and IL-6 (Marier et al., 2005; 
Schroecksnadel et al., 2005; Wirleitner et al., 2005). Recent 
studies have shown that IL-17 plays a critical role in induc- 
tion of EAE (Lock et al., 2002; Iwakura and Ishigame, 2006). 
It is noteworthy that EAE-bearing mice had low levels of 
IL-17 and, in fact, resveratrol treatment caused a modest 
increase in IL-17. This may be because we measured IL-17 
much later in the disease course. When we measured the 
levels of IL-17 on day 9 of EAE, we found that IL-17 levels 
were increased in vehicle-treated EAE mice and resveratrol 
treatment caused a significant decrease in IL-17 levels (Fig. 
IF). In the central nervous systems of EAE mice, mRNAs for 
RANTES, eotaxin, MlP-la, MlP-ljS, MIP-2, inducible pro- 
tein- 10, and MCP-1 were detected at disease onset, increased 
as disease progressed, and fell as clinical signs improved 
(Raj an et al., 2000). The decrease in cytokines may result 
from inhibitory effects on nuclear factor-xB and AP-1 (de la 
Lastra and Villegas, 2005) or induction of apoptosis in T cells, 
as seen in the current study. Eotaxin, a recently described 
chemo tactic factor belonging to the CC chemokine family, 
has been implicated in animal and human eosinophilic in- 
flammatory states (Rothenberg et ah, 1996; Fukuyama et al., 
2000). In the present study, we observed a robust induction of 
eotaxin in animals exhibiting EAE and a dramatic reduction 
of eotaxin upon resveratrol treatment (Fig. ID). At present, 
we do not know the precise role played by eotaxin in the 
development of EAE in mice; additional studies are clearly 
necessary. 

Resveratrol has been previously identified as an AhR 
mixed agonist/antagonist (de Medina et al., 2005). In addi- 
tion, we have earlier shown that activation of AhR induces 
Fas and FasL expression and consequent apoptosis in T cells 
(Camacho et al., 2005). Resveratrol treatment caused signif- 
icant and dose-dependent increase in FasL in both unacti- 
vated and activated T cells (Fig. 4, A and C). We also ob- 
served a significant increase in expression of Fas in both 
unactivated and activated T cells upon resveratrol treatment 
(Fig. 4, B and C). Data obtained from RT-PCR for the expres- 
sion of FasL and Fas in T cells after reseveratrol/vehicle 
treatment corroborated flow cytometry data (Fig. 4D). In 
addition, resveratrol treatment caused a significant increase 
in expression of AhR in both unactivated and activated T 
cells, compared with vehicle-treated T cells as determined by 
RT-PCR (Fig. 4D). Next, we tested whether up-regulation of 
Fas and FasL was directly involved in resveratrol-induced 



and resveratrol-treated T cells were probed with caspase-S, caspase-3, 
caspase-9, caspase-2, c-FUP, PARP (A), Bad, Bcl-xl, and Smac (B) anti- 
bodies. C, cell lysates prepared from unactivated and ConA-activated and 
resveratrol-treated T cells were probed with cytochrome c antibodies. 
0-Actin was used as a control. D, effect of resveratrol on di> m in primary 
T cells. Unactivated primary T cells were treated with vehicle (DMSO) or 
resveratrol (5-50 pM) and stained with DIOC 6 to evaluate &\p m . Results 
are representative of at least three independent experiments. 
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apoptosis. We observed significant reduction in resveratrol - 
induced apoptosis in T cells in the presence of Abs against 
FasL (Fig. 5, A and B), whereas isotype control Abs failed to 
mediate an effect. The data suggested a role for FasL in 
initiating rcsveratrol-mediated death-receptor partway of 
apoptosis. 

In the current study, we noted that AhR played a signifi- 
cant role in resveratrol-induced apoptosis in T cells. How- 
ever, it should be noted that T cells from AhR KO mice did 
exhibit decreased apoptosis at all doses of resveratrol (Fig. 6, 
A and B), and ANF was able to block resveratrol-induced 
apoptosis only partially, suggesting that other molecules in 
addition to AhR might also be involved in initiating resvera- 
trol-induced apoptosis. 

Resveratrol is a phytoestrogen that exhibits variable de- 
grees of estrogen receptor agonism in different test systems 
(Gehm et aL, 1997). We therefore examined the role of ER in 
resveratrol-induced apoptosis using T cells from wild-type, 
ER-a, and ER-/3 KO mice in the absence or presence of TAM, 
an ER antagonist. We observed significantly lower resvera- 
trol-induced apoptosis in T cells from ER-a KO compared 
with wild-type mice (Fig. 7, A-C). However, we observed no 
significant difference in resveratrol-induced apoptosis in T 
cells from wild-type and ER-/3 KO mice (Fig. 7C). These data 
demonstrated that ER-a plays an important role in resvera- 
trol-induced apoptosis. 

Mor et al. (2003) showed that estrogen treatment increased 
FasL expression in monocytes through the binding of ER to 
the estrogen responsive elements and AP-1 motifs present on 
FasL promoter. To test whether resveratrol regulated Fas 
and FasL promoter activity through AhR and/or ER, we 
performed luciferase assays in the presence mouse Fas or 
FasL promoter in an expression vector (pGL-3). We observed 
that resveratrol induced luciferase expression under the con- 
trol of Fas or FasL promoter (Figs. 6D and 7D), and the 
expression of luciferase was significantly reduced in the pres- 
ence of ANF (Fig. 6D) and TAM (Fig. 7D). In these experi- 
ments, we used TCDD, a potent AhR agonist as a positive 
control shown to up-regulate FasL expression (Singh et al., 
2007). Furthermore, a combination of TAM + ANF (Fig. 7D) 
was further able to decrease the luciferase activity, thereby 
corroborating the involvement of both AhR and ER in the 
regulation Fas and FasL by resveratrol. 

Upon examination of apoptotic pathways, we noted that 
both death-receptor (Fas/FasL-mediated) and mitochondrial 
pathways are involved in resveratrol-induced T-cell apopto- 
sis. However, only a small proportion of apoptotic cells 
showed loss of mitochondrial membrane potential, and Abs 
against FasL could almost completely block resveratrol-me- 
diated apoptosis in T cells, both of which suggest that the 
death receptor pathway may play more critical role and that 
the mitochondrial pathway may be activated through cross- 
talk via Bid. 

In the current study, we used resveratrol dosed of 10, 100, 
and 500 mg/kg administered by oral gavage, similar to the 
doses used in other studies (Gao et al., 2002). Previous in vivo 
studies to treat cancer suggested that low doses such as 40 
mg/kg are not effective, whereas higher doses, such as 80 
mg/kg were partially effective (Gao et al., 2002). In another 
study, resveratrol was shown to inhibit tumor growth in 
BALB/c mice at 500, 1000 and 1500 mg/kg in a dose-depen- 
dent manner when administered for 10 days (Liu et al., 



2003). In addition, in a rat model, 100 mg/kg of resveratrol 
was very effective in delaying tumorigenesis (Bhat et al., 
2001). It is feasible to achieve in vivo 25 to 50 /xM, a dose that 
we found to be effective in vitro. Thus, in vivo, doses greater 
than 10O mg/kg may be necessary to study the efficacy 0 f 
resveratrol. In addition, in humans, a dose of 1 g of resvera- 
trol has been tested (Zhou et al., 2005). 

Use of resveratrol to treat inflammatory and anti-immune 
diseases may hold significant promise because resveratrol 
was more effective in inducing apoptosis in activated T cells. 
Thus, resveratrol may be less toxic to normal immune cells. 
Data from the current study demonstrate that the anti-in- 
flammatory properties of resveratrol can be attributed, at 
least in part, to its ability to trigger apoptosis in activated T 
cells. The current study demonstrates that resveratrol may 
serve as a novel therapeutic agent against multiple sclerosis. 
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Neuroprotective Properties of the Novel 
Antiepileptic Lamotrigine in a Gerbil Model of 
Global Cerebral Ischemia 

Robert P. Wiard, BS; Mary Carroll Dickerson, BS; Otto Beek, BS; 
Ronald Norton, BS; Barrett R. Cooper, PhD 



Background and Purpose Elevated glutamate levels are 
thought to be a primary cause of neuronal death after global 
cerebral ischemia. The purpose of this study was to investigate 
the potential neuroprotective effects of lamotrigine, a novel 
antiepileptic drug that inhibits the release of glutamate in vitro, 
with both behavioral and histological measures of global isch- 
emia in gerbils. 

Methods The common carotid arteries of gerbils were oc- 
cluded for either 5, 10, or 15 minutes. Twenty-one days after 
reperfusion, gerbils were tested for impairments in a spatial 
memory task (Morris water maze). After water maze testing 
the animals were killed, and damage to hippocampal pyramidal 
cells was assessed. The effect of lamotrigine on the behavioral 
and histological outcome of either 5 or 15 minutes of global 
ischemia was evaluated. 

Results Bilateral occlusion of the common carotid arteries 
for 5 minutes resulted in severe degeneration of hippocampal 
CAl and CA2 pyramidal cells. Lamotrigine significantly pre- 
vented loss of hippocampal CAl neurons when administered 
acutely (100 mg/kg PO) immediately after reperfusion or when 
administered in two equal doses of 30 or 50 mg/kg 2 hours 
before and immediately after reperfusion. Gerbils subjected to 



5 minutes of ischemic insult were not impaired in their ability 
to solve a spatial memory task 21 days after cerebral ischemia. 
However, gerbils subjected to 10 and 15 minutes of carotid 
artery occlusion showed significant impairment in their ability 
to solve a water maze task. Lamotrigine significantly protected 
against the cognitive deficits associated with 15 minutes of 
cerebral ischemia. Histologically, increased durations of cere- 
bral ischemia resulted in a progressive loss of CAl, CA2, and 
CA3 pyramidal cells. Lamotrigine completely protected gerbils 
exposed to 15 minutes of cerebral ischemia against CA3,cell 
loss and greatly reduced damage to the CAl and CA2 cell 
tracts of the hippocampus. Lamotrigine also reduced the 
mortality associated with 15 minutes of ischemia. 

Conclusions Lamotrigine had neuroprotective effects in a 
gerbil model of global cerebral ischemia. Lamotrigine pro- 
tected gerbils against behavioral deficits resulting from 15 
minutes of carotid occlusion and also prevented histological 
damage resulting from 5 and 15 minutes of global cerebral 
ischemia. (Stroke. 1995;26:466-472.) 

Key Words • behavior, animal • cerebral ischemia • 
neuroprotection ■ gerbils 



Surgical procedures that involve the reduction or 
interruption of blood supply to the brain as well 
as events such as stroke, cardiac arrest, and 
traumatic brain injury are often accompanied by mem- 
ory loss and other neuropsychiatric signs that persist for 
several months during recovery. 1 * 6 These changes are 
thought to be related to global cerebral ischemia. In 
animals, 5-minute or longer periods of global cerebral 
ischemia result in cell death, especially in the hippocam- 
pus. 7 ' 9 The development of mazes to study spatial learn- 
ing and memory has provided a way to study the 
protective effects of drugs on both the behavioral con- 
sequences and the neurological damage to the hip- 
pocampus and other areas involved in the neurotoxic 
effects of ischemia. 

Glutamate has been the focus of recent investigations 
into the neurochemical events leading to neuronal cell 
death in cerebral ischemia. During cerebral ischemia, 
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synaptic glutamate release coupled with the failure of 
uptake systems leads to large increases of extracellular 
glutamate. 10 - 12 Elevated glutamate levels are thought to 
be a primary cause of neuronal death after ischemia. 13 * 15 
Studies that support this theory demonstrate that 
yV-methyl-D-aspartate antagonists have neuroprotective 
properties in animal models of ischemia. 16 * 20 

Lamotrigine [3,5-diamino-6-(2,3-dichlorophenyl)- 
1,2,4-triazine] is a novel antiepileptic drug that inhibits 
use-dependent sodium ion channels and reduces the 
synaptic release of glutamate in vitro. 21 " 23 Recent stud- 
ies 24 - 25 indicate that lamotrigine and its analogue 
1003C87 reduce infarct size after middle cerebral artery 
occlusion in the rat. The postulated role of glutamate 
release in the neurotoxic effects of ischemia led us to 
investigate the potential neuroprotective properties of 
lamotrigine in gerbils using behavioral and histological 
measures of global ischemic damage. 

Materials and Methods 

Materials 

Male Mongolian gerbils (Tumblebrook Farm, West Brookfield, 
Mass) weighing 60 to 70 g were used for these studies. Gerbils 
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were housed four per cage and were maintained on a 12-h/12-h 
light/dark cycle (lights on at 6 am) at a temperature of 21°C 
throughout the study. Food and water were available ad libitum. 
The procedures used in these studies were conducted in accor- 
dance with the US Health Service, National Institutes of Health 
guidelines for the care and use of laboratory animals. 

Surgical Procedures 

Cerebral ischemia was induced by the method of Ito et al 7 as 
modified by Carroll and Beck. 26 Gcrbils were anesthetized with 
a mixture of halothane gas (3%) and room air. An incision was 
made along the midline in the ventral neck, and both common 
carotid arteries were occluded for either 5, 10, or 15 minutes by 
means of microaneurysm clips. After clip removal, the incision 
was closed and the anesthesia discontinued. Body temperature 
was maintained throughout the surgery. Animals used in 
behavioral studies were allowed to recover for at least 3 weeks 
before testing began. Sham-operated animals received the 
same surgical procedure except that the carotid arteries were 
not occluded. 

Drug Administration 

Lamotrigine (Lamictal; Burroughs Wellcome Co) was sus- 
pended in a 0.5% methyl cellulose solution and administered 
orally in a volume of 0.01 mlVg body wt. For behavioral studies, 
two doses of lamotrigine (50 mg/kg) or vehicle were adminis- 
tered. The first dose was given 2 hours before ischemia, and the 
second was administered immediately after reperfusion. 

Plasma and Brain Determinations 

Gerbils were anesthetized with C0 2 before the collection of 
blood in evacuated tubes (15% ethylenediaminetetraacetic 
acid) via cardiac puncture. The blood was centrifuged at 290Qg 
for 5 minutes to obtain plasma. Plasma levels of lamotrigine 
were determined by reverse d-phase high-performance liquid 
chromatography with UV detection at 210 nm. One-milliliter 
aliquots of plasma were made basic to pH 10.0 by the addition 
of 10 /iL 10N NaOH before extracting twice with 3 mL 
methyl-/-butyl ether (MTBE). The combined organic phases 
were dried under nitrogen. The samples were reconstituted to 
100 jiL in a mobile phase and applied to a 15-cmX4.6-mm C-18 
base deactivated column. Lamotrigine was eluted with the use 
of a mobile phase consisting of 20 mmol/L glacial acetic acid 
. and 20 mmol/L triethylamine containing 20% CH a CN. 

For brain determinations, gerbils were anesthetized with 
C0 2 before decapitation. The whole brain was weighed and 
then homogenized in 4 mL of carbonate buffer (0.6 mol/L, pH 
9.5). One milliliter of this homogenate was extracted by mixing 
it with a total of 6 mL (2X3 mL) of 1.5% isoamyl alcohol in 
/i-heptane. The organic layer was transferred into tubes con- 
taining 1 mL of 0.1N HCI. After mixing and centrifuging to 
separate phases (2900g for 2 minutes), the isoamyl alcohol layer 
was discarded. One half milliliter of carbonate buffer and two 
drops of IN NaOH were added to the HCI layer, which was 
extracted with a total of 6 mL (2X3 mL) of MTBE. The final 
organic phase was dried in tubes containing 10 /iLof 0.1N HCI 
with the use of a Speed Vac Sample Concentrator. Samples 
were reconstituted, and lamotrigine concentrations were deter- 
mined by the methods described above for plasma. 

Histological Procedures 

Animals were killed 4 days after surgery except for gerbils 
used in behavioral studies, which were killed after water maze 
testing. Gerbils were decapitated under halothane anesthesia, 
and their brains were removed and fixed for at least 3 days in 
10% buffered formalin. The brains were processed for paraffin 
sectioning, and a I0-/im coronal section of the anterior hip- 
pocampus was obtained. The sections were stained with cresyl 
violet and microscopically evaluated for hippocampal damage. 
Damage to CA1 and CA3 cells was quantified by counting the 
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viable cells in four 0.4-mm lengths (two samples from each 
hemisphere) of each respective pyramidal cell tract of the 
hippocampus. CA2 cell damage was assessed in a similar 
manner, except that cells were counted in two 0.4-mm lengths 
of the CA2 cell tract. 

Behavioral Testing 

Training in a modified Morris water maze 27 was carried out 
3 weeks after cerebral ischemia. The apparatus consisted of a 
circular galvanized steel tank 79 cm in diameter and 58 cm 
high, which was filled with water (27°C) to a depth of 13 cm. 
(The water depth on the first day of training was 6 cm to allow 
the animals to acclimate to the test conditions.) Powdered milk 
was added to the water to make it opaque. Three different 
visual cues were placed around the inside wall of the tank at a 
level that would be visible to the gerbils. A circular platform 7 
cm in diameter remained in a fixed location 20 cm from the 
apparatus wall and was 1 cm below the surface of the water. 

Each animal was given three daily trials with a 5-minutc 
intertrial interval for 9 days. Each gerbil was individually placed in 
the apparatus at one of three preselected locations and allowed 1 
minute to escape to the hidden platform. Animals not finding the 
platform after 1 minute were guided to it by the experimenter. 
Animals were allowed to remain on the platform for 15 seconds 
and were then returned to their holding cage until the next trial. 
After 9 days of testing in the Morris water maze the animals were 
killed and their brains examined for hippocampal damage. 

Statistical Analysis 

All histological data were analyzed with a one-way ANOVA. 
Behavioral data were analyzed with a two-way ANOVA 
(treatmentxtrial). Post hoc comparisons between independent 
groups were made with the Tukey test. Animal mortality data 
were analyzed with a x 2 test. In all cases, the acceptable level 
for statistical significance was ?<.05. 

Results 

Effects of Different Durations of Occlusion on 
Water Maze Performance 

Fig 1 shows a direct correlation between performance in 
the Morris water maze and duration of cerebral ischemia. 
While there were no significant differences in performance 
of gerbils after 5 minutes of occlusion when compared with 
control, 10 and 15 minutes of occlusion resulted in signif- 
icant impairments in acquisition of the spatial task 
(ANOVA: F U8 =9.527, P<M and F UI =22.182, P<.001, 
respectively). No gross motor abnormalities were noted at 
the time of testing, which was a minimum of 3 weeks after 
the induction of global ischemia. 

Fig 2 shows a representation of the histological dam- 
age produced by each duration of carotid occlusion, and 
Table 1 summarizes the degree of damage to each 
hippocampal cell field. Significant group differences 
were observed for all pyramidal cell fields measured 
(ANOVA: Fj. 70 =676.02, P<.001; F 3>70 =383.98, /><.001; 
and F 3<70 =15.68,.P<.001 for CA1, CA2, and CA3 pyra- 
midal cells, respectively). Animals subjected to 5 min- 
utes of occlusion demonstrated significant cell loss to 
CA1 and CA2 pyramidal cells, but cells in the CA3 
region remained intact. Occlusion of the common ca- 
rotid arteries for 10 or 15 minutes resulted in a signifi- 
cant reduction in the number of pyramidal cells in all 
regions measured. CA3 cell loss was significantly greater 
in animals exposed to 15 minutes of carotid occlusion 
when compared with those occluded for 5 or 10 minutes. 
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Fig 1. Line graphs show Morris water maze performance of 
gerbils 21 days after either 5 (A), 10 (B), or 15 (C) minutes of 
bilateral carotid occlusion. Values are mean±SEM. See text for 
statistical analysis. 

Effect of Lamotrigine on Reperfusion-Induced 
Cell Death 

Histological analysis of the brains of untreated gerbils 
examined 4 days after 5 minutes of bilateral occlusion of 
the common carotid arteries showed an almost complete 
loss of hippocampal CA1 pyramidal cells. Lamotrigine, 
when administered in two equal doses of 30 mg/kg or 50 
mg/kg 2 hours before and immediately after occlusion, 
significantly prevented hippocampal CA1 cell loss (Fig 3 A; 
ANOVA: F^i=61.04, P>.001). To a lesser degree, treat- 



ing gerbils acutely with lamotrigine (100 mg/kg) immedi- 
ately after reperfusion also afforded significant protection 
to CA1 pyramidal cells (Fig 3B; ANOVA: F 3>28 =8.25, 
P<.001). This protection, however, was limited to treat- 
ment within 1 hour after reperfusion. When administered 
at times greater than 1 hour after reperfusion, lamotrigine 
failed to show significant protection of CA1 cells when 
compared with untreated controls (Fig 3C). 

Effects of Lamotrigine on Water Maze Performance 

. Fig 4 shows that treatment with lamotrigine signifi- 
cantly protected against the deficits in gerbil perfor- 
mance in the Morris water maze produced by 15 minutes 
of bilateral carotid occlusion (ANOVA: F 2 , 4 3= 8.666, 
/ > <.001). The performance of treated animals was not 
different from that of nonoccluded controls. 

Histological examination revealed that animals ex- 
posed to 15 minutes of cerebral ischemia without any 
drug treatment experienced a significant loss of neurons 
in the CA1, CA2, and CA3 regions of the hippocampus 
(Table 2; ANOVA: F 2>36 =39.19, P<.001; F 2>36 =29.66, 
/><.001; and F 2t36 = 10.91, P<.001 for CA1, CA2, and 
CA3 pyramidal cells, respectively). However, treatment 
with lamotrigine afforded complete protection to the 
CA3 region of the hippocampus and greatly reduced cell 
loss in the CA1 and CA2 cell regions. 

Lamotrigine also protected against mortality resulting 
from 15 minutes of cerebral ischemia. Untreated ani- 
mals subjected to 15 minutes of bilateral carotid occlu- 
sion had a mortality rate of 66% compared with 23% 
mortality observed in lamotrigine-treated animals 
(X 2 = 10.774, /><.005). 

Plasma and Brain Levels of Lamotrigine at Doses 
That Protect Against the Behavioral and 
Histological Consequences of Global Ischemia 

Table 3 shows the plasma and brain levels of 
lamotrigine in gerbils after two 30-mg/kg doses of 
lamotrigine given orally 2 hours apart or a single dose 




Fig 2. Photomicrographs of 10-/xm-thick sec- 
tions of gerbil hippocampus mounted in paraffin 
and stained with cresyl violet. Shown are normal 
nonoccluded controls (A) and 5 weeks after 5 (B), 
10 (C), or 15 minutes (D) of occlusion followed by 
reperfusion. 
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Table 1. Number of Hippocampal Cells Remaining in Gerbils After 
Various Durations of Carotid Occlusion 



Group 


n 




Sector of Hippocampus 




CA1 


CA2 


CA3 


Sham controls 


21 


371 ±4.6 


197±3.7 


218±4.7 


Occlusion, min 










5 


15 


422:15.2* 


34+9.1' 


189±10.0 


10 


23 


27±2.3' 


22±2.5' 


175±7.V 


15 


15 


16±2.rt 


17±2.7*t 


134±13.5*n 



Values are meaniSEM. 
*P<.05 vs controls. 
tP<.05 vs 5-minute group. 
$F<.05 vs 10-minute group. 



of 100 mg/kg given orally. In both experiments the 
plasma and brain levels of lamotrigine rose rapidly, 
and peak levels occurred within 30 minutes of dosing. 
The levels of lamotrigine decreased slowly and only 
slightly during a 6-hour period. In the 100-mg/kg 
single-dose study, significant levels were observed up 
to 24 hours after dosing. 

Discussion 

Patients suffering from stroke, cardiac arrest, or trau- 
matic brain injury, as well as patients undergoing cardiac 
and cardiopulmonary bypass surgery, commonly experi- 
ence persistent neuropsychological dysfunction. 1 - 6 Post- 
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Bar graphs show the effect of lamotrigine on ischemia- 



induced CA1 cell death in gerbils (A) administered in equal doses 
2 hours before and immediately after bilateral occlusion of the 
common carotid arteries; (B) administered immediately after 
bilateral occlusion; or (C) administered at a dose of 100 mg/kg 
PO at various times after occlusion of the common carotid 
arteries. Values are mean±SEM. # P<.05 vs untreated group. 



mortem analyses of the brains of patients who have 
suffered cerebral ischemia or trauma reveal extensive 
neuronal damage to the CA1 pyramidal cells of the 
hippocampus, 28 - 29 a region that is thought to play a 
critical role in learning and memory. This hippocampal 
damage has been related to memory impairments often 
suffered by these patients. 28 - 29 

The histological and behavioral effects of global cere- 
bral ischemia in animals are similar to those observed in 
humans. In several rodent species, occlusion of the 
carotid arteries results in selective hippocampal damage, 
particularly to CA1 pyramidal cells. In rats, hippocampal 
damage associated with cerebral ischemia also is accom- 
panied by impairments in tests measuring learning and 
memory. 30 " 32 Although the gerbil has been extensively 
used as a model of global cerebral ischemia, the associ- 
ation between hippocampal cell damage and impair- 
ments in learning and memory in this species remains 
unclear. Gerbils exposed to 5 minutes of bilateral carotid 
occlusion fail to show impairment in the discrete lever- 
press avoidance and the discrete shuttle avoidance par- 
adigms, despite complete degeneration of CA1 pyrami- 
dal neurons 33 - 34 Similarly, Corbett et al 35 failed to find 
any lasting impairments in a Morris water maze task 21 
days after 5 minutes of cerebral ischemia in the gerbil. 

At the histological level, lamotrigine protected gerbils in 
our study from damage to hippocampal CA1 pyramidal 
cells resulting from 5 minutes of occlusion of the common 
carotid arteries. The drug was most effective when admin- 
istered both before and immediately after occlusion. How- 
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Fig 4. Line graph shows the effect of lamotrigine on Morris 
water maze performance of gerbils exposed to 15 minutes of 
bilateral carotid occlusion. Values are mean±SEM. See text for 
statistical analysis. 
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Table 2. Number of Hippocampal Cells Remaining in Gerbils 
Subjected to 15 Minutes of Carotid Occlusion 









Sector of Hippocampus 




Group 


n 


CA1 


CA2 


CA3 


Sham controls 


8 


360±8.4 


184±5.3 


208*5.6 


Untreated 


11 


16±2.9* 


18*3.4* 


138*17.7* 


Lamotrigine 


20 


164*25.5* 


92±14.1* 


193±7.1f 



Values are mean ±S EM. 
*P<.05 vs controls. 
|P<-05 vs untreated group. 



ever, lamotrigine still afforded significant protection when 
administered acutely up to 1 hour after reperfusion. 

The behavioral results from our study were consistent 
with the literature 33 35 showing that 5 minutes of bilateral 
carotid occlusion in the gerbil fail to produce a deficit in 
a test of spatial memory 21 days after an ischemic insult. 
However, increasing the duration of bilateral carotid 
occlusion to 10 and 15 minutes resulted in increased 
deficits in water maze performance. Since damage to the 
CA1 pyramidal cells was complete with the ineffective 
5-minute occlusion, these cognitive deficits are more 
likely correlated with cell loss elsewhere in the brain. We 
quantified such loss for the CA2 and CA3 sectors of the 
hippocampus. Our findings indicate that deficits ob- 
served in Morris water maze behavior in gerbils are not 
dependent on the degeneration of the CA1 cells of the 
hippocampus; they are more likely related to damage to 
other areas of the brain, possibly the CA2 and CA3 cells 
of the hippocampus. 

Nevertheless, lamotrigine was effective in protecting 
against the cognitive deficit observed with 15 minutes of 
cerebral ischemia. After 15 minutes of ischemia, lam- 
otrigine completely protected cells of the CA3 region of 
the hippocampus against the neurotoxic effects of isch- 
emia. Approximately half of the CA1 and CA2 hip- 
pocampal cells remained intact in lamotrigine-treated 
gerbils undergoing this long interruption of blood sup- 
ply. It is unlikely that this partial protection of CA1 
pyramidal cells is responsible for the observed improve- 
ment in water maze behavior, since animals with com- 
plete destruction of CA1 cells show no deficits in this 
task. In addition to increasing cell survival, lamotrigine 
enhanced the survival rate of animals exposed to 15 
minutes of bilateral carotid occlusion: lamotrigine- 
treated animals had a survival rate two times greater 
than that of untreated animals. 



Lamotrigine does not cause a large reduction in body 
temperature, and artificial warming was used to main- 
tain body temperature in our study. Nevertheless, it is 
possible that lamotrigine and anesthesia may have 
cooled gerbils more than anesthesia alone. This was not 
determined. For animals used in behavioral testing, cell 
counts were taken from brains harvested 45 days after 
carotid occlusion. This is important because hypother- 
mia antagonizes CA1 cell death when cell counts are 
made on day 4 or 5 after reperfusion. Dietrich et al 36 
recently showed that hypothermia merely delays cell 
death. The 45-day period between occlusion and decap- 
itation is sufficiently long to allow for completion of any 
cell death delayed by hypothermia. 

The gerbil model of cerebral ischemia is not without 
other problems as well. Gerbils are susceptible to sei- 
zures in response to a variety of stimuli, such as handling 
or exposure to a novel environment 37 - 3S Prolonged 
seizure activity results in degeneration of hippocampal 
pyramidal neurons. 39 For this reason, it would not be 
surprising for an antiepileptic drug to prevent cell loss 
during ischemia because of its anticonvulsant activity. 
Although seizure activity was not directly monitored in 
the present study, indications are that the neuroprotec- 
tive effect of lamotrigine in this model was not owing to 
its ability to prevent seizures. The ED^ of lamotrigine 
for protecting against maximal electroshock-evoked 
hind limb extension in mice and rats is 2.6 mg/kg PO and 
1.9 mg/kg PO, respectively. 40 Doses in this range were 
ineffective in preventing ischemia-induced cell loss in 
our study. Also, several studies have suggested that 
seizure activity does not play a role in cell loss in gerbils 
during cerebral ischemia. Chon 41 found that convulsive 
activity did not originate from the ischemic brain in 
gerbils. Also, postischemic measurment of CA1 cell 
activity in gerbils showed an increase in cell firing but not 



Table 3. Concentration of Lamotrigine in Plasma and Brain of Gerbils After Two 
Doses of 30 mg/kg or a Single Dose of 100 mg/kg PO 



Time After 
Dosing, h 


Plasma Levels, jig/mL 


Brain Levels, jig/g 


2x30 mg/kg 


1X100 mg/kg 


2x30 mg/kg 


1x100 mg/kg 


0.25 


27.22:1.3 


17.9±2.5 


36.2±1.9 


20.4±3.6 


0.5 


24.8±1.2 


27.5±2.3 


36.3±2.6 


50.5±3.6 


0.75 




23.2±4.5 




36.5±3.7 


1 


22.5 ±0.8 


24.9±2.4 


36.B±1.3 


47.9±4.5 


2 


21.52:1.2 


24.0±2.2 


35.6±2.0 


41.7±2.0 


4 


19.2±0.7 


22.7±2.3 


32.6 ±0.6 


45.1 ±2.8 


6 


18.1 ±0.9 


20.2±1.7 


25.1 ±0.5 


33.7±3.9 


24 




19.4±0.7 




33.2±1.1 



Values are mean±SEM. Sample times fof 
based on 3 to 5 replications per time point. 
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in convulsant activity. 42 In a study by Suzuki et al, 43 no 
signs of seizure activity were observed in gerbils exposed 
to 5 minutes of carotid occlusion. 

The gerbils' responsiveness to novel environments and 
stimuli prompted us to make several modifications to the 
Morris water maze. For the first day of training, the 
water depth in the test apparatus was set at a level that 
permitted the gerbils to easily support themselves on the 
apparatus floor. Water depth on subsequent training 
days was adjusted, making the apparatus floor just out of 
reach of the gerbils when floating. These modifications 
allowed gerbils to readily acclimate to the novel test 
conditions, resulting in proficient ability of the animals 
to perform in the Morris water maze. 

The antiepileptic effect of lamotrigine is believed to 
result from its ability to inhibit glutamate release. 22 - 23 
Lamotrigine significantly protects against kainic acid- 
induced neurotoxicity in rats, which is dependent on 
neuronally released glutamate. 44 Leach et al 22 * 23 found 
that lamotrigine specifically inhibits veratrine- but not 
K + -induced glutamate release, indicating the inhibition 
of voltage-sensitive sodium channels as the probable 
mechanism of action. The importance of sodium chan- 
nels was shown by Lang et al, 21 who demonstrated that 
lamotrigine inhibits use-dependent sodium channels in 
mouse neuroblastoma cells. Since glutamate appears to 
play a major role in the neuropathology observed in 
ischemia, the ability of lamotrigine to inhibit glutamate 
release by blocking voltage-sensitive sodium channels 
could also be the primary mechanism of action for its 
neuroprotective properties observed in the present 
study. However, inhibition of glutamate release cannot 
fully explain the neuroprotective effects observed with 
lamotrigine. Several studies indicate that extracellular 
glutamate levels peak during the ischemic period and 
return to normal levels within 30 minutes after reperfu- 
sion. 10 - 45 Lamotrigine protected against ischemia- 
induced cell loss when administered 1 hour after reper- 
fusion, well after peak extracellular glutamate levels are 
reached. This result suggests that lamotrigine activity in 
the present model cannot be explained solely by inhibi- 
tion of glutamate release and that other mechanisms of 
action, perhaps its effect on use-dependent sodium 
channels, 21 are involved. 

Experience with lamotrigine use in the treatment of 
epilepsy indicates that plasma levels of 10 to 15 fig/mL 
are achieved in monotherapy patients. 46 Results from 
the present study suggest that peak plasma levels of 27 
Mg/mL lamotrigine provide protection against cell dam- 
age produced by global ischemia in gerbils. These levels 
have not been reported during antiepileptic therapy in 
patients, and it is not clear if they would be achievable 
with acceptable side effects. 
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Editorial Comment 



The hallmark of the delayed and selectively vulnerable 
hippocampal neurons in gerbils after global cerebral 
ischemia and reperfusion has prompted many investiga- 
tors to use this model to study the neuroprotective 
effects of a drug and its underlying cellular mechanisms. 
Several major criteria need to be fulfilled for a drug that 
is claimed to be therapeutically valuable: (1) lack of toxic 
side effects; (2) well-defined and known normal physio- 
logical functions (ie, mean arterial blood pressure) and 
pharmacokinetics (ie, half-life); (3) ability to pass the 
blood-brain barrier; (4) effectiveness in neuronal protec- 
tion when applied after ischemia; and (5) improvement 
in neurological deficits and behavioral outcomes. 

The antiepilcptic drug lamotrigine, used by Wiard and 
colleagues in this study, appears to fulfill these preclin- 
ical criteria. A question remaining is the unclear cellular 
mechanism underlying its protective effect against isch- 
emic hippocampal neurons. As suggested by the authors, 



caution must be taken to attribute the neuroprotective 
effects to its in vitro functions as an inhibitor of presyn- 
aptic glutamate release since disparity in time occurred 
between the early release of glutamate and the delayed 
treatment of the drug. Obviously, the blockage of use- 
dependent sodium channels as a neuroprotective mech- 
anism needs to be further elucidated. 

Pak H.' Chan, PhD, Guest Editor 
Department of Neurosurgery and Neurology 
CNS Injury and Edema Research Center 
University of California 
School of Medicine 
San Francisco, Calif 
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